









L LIBRARY 





THIS NUMBER COMPLETES VOLUME 179 


JULY, 1949 No.8 























THE JOURNAL 


OF 


BIOLOGICAL CHEMISTRY 


FOUNDED BY CHRISTIAN A. HERTER AND SUSTAINED IN PART BY THE CHRISTIAN A, HERTER 
MEMORIAL FUND 


EDITED FOR THE AMERICAN SOCIETY OF BIOLOGICAL CHEMISTS 


EDITORIAL BOARD 





RUDOLPH J. ANDERSON ELMER V. McCOLLUM 
REGINALD M. ARCHIBALD WILLIAM C. ROSE 
W. MANSFIELD CLARE ESMOND E. SNELL 
HANS T. CLARKE . : . WARREN M. SPERRY 
CARL F. CORI oo WILLIAM C. STADIE 
EDWARD A. DOISY past EDWARD L. TATUM 
JOSEPH S. FRUTON ee DONALD D. VAN SLYKE 
WENDELL H. GRIFFITH — HUBERT B. VICKERY 
A. BAIRD HASTINGS -. VINCENT pu VIGNEAUD 
HOWARD B. LEWIS —_—__ HARLAND G. WOOD 

‘ PUBLISHED MONTHLY 

’ AT MOUNT ROYAL AND GUILFORD AVENUES, BALTIMORE 2, MD, 

EDITORIAL OFFICE: YALE UNIVERSITY, NEW HAVEN 


FOR THE AMERICAN SOCIETY OF BIOLOGICAL CHEMISTS, INC. 


Copyright, 1949, by The American Bodiety o Biologics) Chemists, Ine: 





q Entered as second-class.matter at the Post Oflee ab Baltimore, Md. Acceptance for mailing —_ 
4 Pelee of pouhege nevvided fax i eae ees ote 1917. Authorized on June 99, 1918 


Price} ei per volume, United States, ‘Canada, and the postal union 
$4.75 per volume, other coun 


Yearly este Coe at the same rates 








Announcing 


A New Manometric Van Slyke Blood Gas Apparatus 

Capable of extensive variety of quantitative micro-bio chemical determinations 
A comprehensive brochure just off the press listing wide range of tests, references 
and details ‘of apparatus will be sent promptly and without peiext ion. 

oi parva to be found in new model #17 represent the accumulated experience 


in this field for more than twenty-six years. The new unit is4 
Sting of painstaking development and competent craftsmans! 


7 information write ALFRED BICKNELL ASSOCIATES 


Med Bele nel fal.. 
See 243 BROADWAY at ee STREET 
CAMBRIDGE . . . MASSACHUSETTS 


@-—— 






vile Te 

















Me 
obtaiz 
times 
The 
of 0.8 













SUBSTRATE UTILIZATION IN MAMMALIAN 
ERYTHROCYTES 

























By SAMUEL S&S. SPICER anp ARIEL M. CLARK 


(From the Laboratory of Physical Biology, Experimental Biology and Medicine 
Institute, National Institutes of Health, Bethesda, Maryland) 


(Received for publication, November 15, 1948) 






There has been frequent reference to the formation of carbon dioxide 
_ during red blood cell metabolism. Phenylhydrazine treatment of eryth- 
' tocytes, by supplying an autoxidizable component, hemin, was said by 
| Warburg to stimulate carbohydrate utilization and carbon dioxide pro- 
| duction (1). The presence of either methylene blue or methemoglobin 
(MHb) was found to increase erythrocyte respiration, giving an R.Q. 
which was less than 1.0 because of pyruvate formation (2). Carbohy- 
_ drate balance studies in which it was demonstrated that more glucose 
| disappeared from methylene blue-treated red cells than could be ac- 
' counted for as lactate and pyruvate led Wendel to the conclusion that 
| glucose is metabolized by two paths, one leading to pyruvate, the other 
_ to carbon dioxide (3). Acetaldehyde has been identified in erythrocytes 
_ by Barker (4), but according to Wendel it is not formed from pyruvate, 
' the latter being inert in red cells (3). Although red corpuscles contain 
' cocarboxylase (5), no specific reaction of decarboxylation has been identi- 
fied in them. It seemed probable that malate and fumarate, which are 
known to be utilized by erythrocytes (6) would serve as substrate for such 
_ areaction. This question was studied in manometric experiments after 
it was first determined that lactic acid is formed from these substrates 
_ inwashed erythrocytes. 
_ The metabolism of four sugars in red cells, investigated recently in 
regard to their ability to reduce methemoglobin (6), is studied here in 
| connection with glycolysis, in part at least to compare these two reac- 
| tions. In addition, the manometrically determined reaction rates with 
_ the several substrates and MHb reduction rates are compared for three 
species, dog, cat, and rabbit. 


EXPERIMENTAL 


_ Measurement of Lactic Acid—Lactate was determined in erythrocytes 

obtained from the pooled blood samples of several rabbits, washed six 
_ times by centrifugation in about 6 volumes of sterile physiological saline. 
The packed cells were resuspended in an equal volume of a 1:1 solution 
of 0.85 per cent NaCl and 0.1 m NasHPO, brought to pH 7.4 with 1 n 
987 








988 MAMMALIAN ERYTHROCYTES 


HCl (saline-phosphate buffer). To 5.0 ml. of the suspension placed in 
each of four paraffinized flasks was added 0.7 ml. of 0.85 per cent saline 
for a control, or 0.7 ml. of 0.25 m solution of sodium malate (Eastman), 
fumarate (Eastman practical, recrystallized), or succinate (HKastman), 
A sample was removed for lactic acid determination (7) immediately upon 
addition of each substrate and at intervals during incubation in a 38° 
water bath. This experiment showed an increase in lactic acid in washed 
erythrocytes incubated with malate or fumarate, but not in cells treated 
with succinate (Table I). Also apparent in Table I is the fact that after 
2 hours fumarate is more effective than malate in lactic acid formation. 
Lactate formation from malate was confirmed with dog and cat erythro- 
cytes. The inability of hemolyzed cells to produce lactic acid from added 
malate or fumarate was demonstrated in a similar experiment on washed 
cells diluted 1:3 in distilled water. 


Tasie I 
Lactic Acid Formation in Rabbit Erythrocytes 
The results are expressed in mg. per 100 ml. of cell suspension. 























Hrs. after adding substrate 
Substrate ey ieee 
0 2 4 5 
EE Se eee heals Ae geet eee ek ba es 5.5 5.6 11.8 10.2 
EE ECE Lil), gOS ELT O calae es wht daddies 13.1 29.1 40.8 53.7 
NN CECE PIN CE TOE Tee eee 5.1 26.0 51.0 62.6 
Ni ee ata orn hl 4.2 6.3 13.1 9.0 





* Average results from four experiments with pooled blood of several animals. 





Evidence was available from results in Table I, and the experiment on 
hemolyzed cells, that malate interferes in the lactic acid determination. 
This point was investigated by using the chosen method for lactic acid 
measurement on pure water solutions of malate and fumarate. Values 
of 0.0 and 111.0 y of lactic acid were obtained on 0.1 ml. (3.3 mg.) of 0.25 
m fumarate and malate, respectively. The interference was not deter- 
mined with the malic acid later purified for use in the manometric tests. 

Manometric Studies—As a more accurate and convenient means of 
measuring the rate of substrate utilization in washed erythrocytes, the 
anaerobic Warburg method was employed (8). For these runs heparil- 
ized! blood samples from a number of animals of a species were pooled 
and washed four to six times as described. Finally the cells were cet- 
trifuged 30 minutes at 1700 X g and stored overnight in the cold. 4 

! Purified Connaught heparin was used, since crude heparin inhibited hexose utill- 
zation. 








' 














S. S. SPICER AND A. M. CLARK 989 


measured volume of the packed cells was mixed with an equal volume of 


























° Krebs-Ringer bicarbonate buffer (8), and 4.0 ml. of the cell suspension 
; were placed in the main chamber of a 15 ml. capacity Warburg flask. 
. In the tests employing metabolic intermediates 0.7 ml. of 0.25 m sub- 
2 strate solution was placed in the flask side arm; in hexose runs, 0.3 ml. of 
sugar solution was used with Krebs-Ringer bicarbonate as needed to 
d equalize dilution in all vessels. Fructose was used in 10 per cent and the 
d other sugars in 5 per cent solution. Substrate-free control vessels (endoge- 
= nous controls) received 4.0 ml. of cell suspension in the main chamber and 
™ 0.7 ml. of Krebs-Ringer bicarbonate in the side arm. The flasks were 
4% 
ed | TaBe II 
ed CO, Evolution by MHb and MHb-Free Rabbit Erythrocytes from Various Substrates 
The results are expressed in microliters per hour. 
| Experiment 1 | Experiment 2 Experiment 3 
Substrate Qo: ye — i oe ae ar 
| MED | sity | MHD) tin MHb | iS, 
rs PO ee rice tc sexe 45.2 | 241 * 30.6 | 36.6] 27.8 
RES 25: oss eins peweR ees Osa eee 64.3 | 41.7 | 58.8 36.1 | 55.5) 38.1 
Re er ee * | 40.5 | 15.1 | 26.5 | 24.5] 43.8 
IR 55... drive ph Ak. ccd 17.0| 7.4| 11.0) 4.0] 56.8} 2.6 
BY Mattator 6... eee, 12.6 | 2.8) 13.1) 0.0 | —5.5| —4.8 
1 RSS «5c bots ba rghtw hx os dks Daekes | 26.3 | 14.0 | 11.7| 11.7] 9.6] 10.5 
: | Ee eee eee ee © —3.6, 2.9 
— Blood cells were prepared as follows: Experiments 1 and 2, 0.14 ml. of 1 per cent 
ls. | NaNO: per ml. of cells was added to half the cells (washed six times) at room tempera- 
| ture 2 hours before the rates were measured. Experiment 3, half the sample was 
t on incubated at 38° for 30 minutes with 0.14 ml. of 1 per cent NaNO; per ml. of cells 
ion. before washing six times; non-MHb cells were incubated 30 minutes at 38° and 
wl washed simultaneously with MHb cells. The rates are given for the period 1} to 3} 
| hours after tipping in the substrates. 
pe * Run failed through technical fault. 
25 
eter- fitted into the 40° water bath and an anaerobic system was achieved by ; 
jests. 10 minutes ventilation with 5 per cent carbon dioxide in nitrogen, first 
8 : passed through a hot copper furnace. After gas liberation had ceased or 
the 


? 


reached a slow even rate in all flasks, the substrates were tipped into the 
arin: main chamber. Readings were taken at intervals of 15 or 20 minutes. 


ooled Carbon dioxide evolution was observed in washed erythrocytes when 
- cell 


supplemented with glucose, fructose, mannose, galactose, fumarate, 
1. @ malate, or pyruvate, but not when supplemented with lactate or succinate 
e utili- (Tables II and III). No gas was evolved in the absence of red cells with 
| any of these substrates tipped into Krebs-Ringer bicarbonate buffer, 
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except for an unsustained expulsion of gas with pyruvate which stopped 
completely within 75 minutes after tipping. Malic and fumaric acids 
did not promote carbon dioxide evolution when added to a 1:1.5 or 1:3 
dilution of red corpuscles in water with or without additional Krebs- 
Ringer bicarbonate. Though rates varied considerably from day to day, 
especially with cat cells, the average per cent deviation from the mean 
for duplicate flasks in thirty-nine runs was 3.8. Steady carbon dioxide 
liberation occurred with malate and fumarate when the bicarbonate 
medium was replaced by the saline-phosphate buffer. 


TABLE III 


Summary of Tests from Which Course of Substrate Utilization (Figs. 1 to 3) Was 
Determined 


The results are expressed in microliters per hour. 





| | 























Dogs Cats Rabbits 
Sub 7 ae rns ee Stand- 
ware -y Average ‘ot -_ Average po - Average om 
runs*) rateft — runs* ratet — samne® ratef — 

| oe ach Soe 
ee eee ee 27 | 21.0| 3.6 | 5 | 25.8) 7.0 | 13 | 48.7 | 10.4 
meenone As... 1.2...) hh 308 25 | 20.5) 4.8 | 5 24.5) 11.6 | 6 | 59.3 | 11.7 
DOOD, 605. D. Ss devkb net 25 22.0) 4.0 | 6 19.6} 7.6 | 6] 56.8 | 12.3 
Galactose......... i bhat 6 1.2! 0.9 | 3 | —0.5} 1.8] 3) 18.5) 3.1 
Endogenous control......... 6 | —3.8) 1.9 | 6 | —2.6) 1.8} 3) 3.5] 2.0 
Oa eee eee 3 4.0) 4.9 | 4 | =—0.4) 2.2| 2] 11.1) -@a 
a ere Bl 278} 66} 6 4.3; 3.6| 7 | 38.3| 7.2 
POMS, 668 AE GR. 6| 33.8 7.5 | 6 | 8.9) 4.0) 7 | 44.5) 7.7 





* Erythrocytes used for each run were derived from pooled blood samples from 
six to fifteen (usually twelve) animals in each species. 

+ The figures represent averages of rates computed for the period 2 to 37 hours 
after tipping, except for hexose rates in rabbits, which were computed for 1 to 3} 
hours. 

t Rate corrected for gas evolved by substrate blank. 


Table II shows that carbon dioxide liberation is more rapid with malate 
and fumarate and less rapid with glucose in methemoglobinized than in 
methemoglobin-free corpuscles. It is also apparent that lactate and 
succinate are not utilized. 

In Table III are shown the number of runs made and the average rates 
of carbon dioxide liberation obtained in washed dog, cat, or rabbit eryth- 
rocytes supplemented with any of seven active substrates or treated with 
buffer alone. Rates at different phases of the run obtained by averaging 
results from the several trials are shown in Figs. 1 to 3. 

It is to be noted that in dog cells the rate obtained with glucose, fru 
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ed | tose, Or Mannose increased progressively throughout the run. - Fructose 
ds | im this species, in contrast to the other hexoses, caused gas absorption 
+3 during the Ist hour and then gave a steadily increasing rate of carbon 
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Fig. 1. Carbon dioxide evolution at intervals in the course of substrate utiliza- 


» rates tion in washed dog erythrocytes. t, corrected for substrate blank. 
eryth- 
j with | dioxide liberation which after 3 hours equaled that of glucose and man- 
raging | 208e. Since a period of absorption invariably preceded the phase of gas 
evolution in all fructose runs in dogs whether 0.3 or 0.6 ml. of 5 per cent 
. frue | 00.3 ml. of 10 per cent solution was employed, this initial negative phase 


’ 
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was not due to a possible hypertonic effect of the 10 per cent solution. 




































































I 
Moreover, with either glucose or mannose as substrate in dog cells no . 
difference in any phase of the run was noted whether 0.3 ml. of 10 per n 
cent or 0.3 or 0.6 ml. of 5 per cent solution was used. The period of ab- | +7 
sorption with fructose occurred at a time when a small amount of gas 
was still evolving from endogenous controls. 
+6 
+50 T ! —— 
aq | | +5 
+40N ao +— GATS _|} 
\ | | | | 
| | 
\ | | | | +4 
+30 ama mea Fic 
| | 
_——s = 
U0 (#3 
+20 | — +——}— if 
| 4 
| y *2 
+10 
| 
att ee Qe eS s +10 
% g 0 
0 — es . 
a | 0 
=10 ~ ane ~~ SUBSTRATE 7 
-_— poe ea 
a @ Glucose @ Endogenous Control |} «| 
* ? O Fructose Metabolic © Malate . 
“20 sree: ® Mannose ™" intermediates © Pyruvate + | 
© Galactose © Fumarate | | -20 
-3 l os | | L | | 
o- 20- 40- 60- 80- 100- 120- 140- 160- = 180- 
40 60 80 100 120 140 160 180 200 220 30 
MINUTES AFTER TIPPING 
Fig. 2. Course of substrate utilization in cat erythrocytes. t+, corrected for sub- 
strate blank. -40 
: 
° ° _ 
The metabolism of these hexoses in cat erythrocytes was relatively ; 
steady from the beginning, being somewhat slower with mannose than 
with the other two (Fig. 2). In this species the average rates given for F 
hexose were derived only from runs in which glucose, fructose, and mal- subs 
nose were employed simultaneously on a portion of a cell suspension. | eney 
As shown in Fig. 3 a steady rate of utilization was obtained also | corp 
rabbit cells, except that fructose and mannose failed to attain a maximal ) rb 
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rate as quickly as glucose. Fructose and mannose invariably gave higher 
rates than glucose each of five times these three hexoses were tested si- 


multaneously with aliquots of a batch of rabbit cells. 


There is a tend- 
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-30 a — nase © Galactose © Fumarate 
| | 
Bas! 
-40 | | | | | | | ' 
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MINUTES AFTER TIPPING 
Fig. 3. Course of substrate utilization in rabbit erythrocytes. t+, corrected for 
substrate blank. 
| eney for the rate of hexose utilization to drop off after 2 hours in rabbit 
corpuscles; this trend might be due to greater lability of the very active 
) rabbit glycolytic mechanism. 
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Galactose caused slow gas evolution compared with the other sugars, 
Each of the sugars gave approximately the same rate in cats as in dogs 
but a rate almost 2 times greater in rabbits. 

A wide variation in results was obtained among the three species in 
the experiments with metabolic intermediates. The carbon dioxide 
liberation by dog erythrocytes supplemented with malate began at a low 
rate which increased progressively for the duration of the experiment, 
This picture was reversed in cat cells, in which gas evolution started at 
a relatively high level and decreased until a slow, steady rate was reached 
after about an hour. Gas absorption in the early stages of the run with 
malate in rabbit erythrocytes gave way to rather rapid evolution as the 
experiment progressed, the rate leveling off after about 2 hours. 

Fumarate, following an early period of gas absorption, finally produced 
a constant rate of evolution in dogs and rabbits; the period of absorption 
was too prolonged in cats to make it possible to determine whether a 
constant rate with fumarate would have been reached eventually. Pyr- 
vate utilization is apparent from the slow but persistent rate obtained 
over a period of 3} hours or more. This rate, computed from 2 hours 
after tipping substrate, was preceded by an unexplained expulsion of gas 
at the outset which continued for the 1st hour after tipping. 

The rates at which the several intermediates are utilized are several 
times greater in dogs than in cats, and nearly two times greater in rabbits 


than in dogs. Control vessels show a small and gradually vanishing carbon | 
dioxide output, which is most marked and prolonged in rabbits, and which | 


might be associated with the presence of impermeable hexose esters not 
removed during washing. This was the explanation given by Wendel 
for the lactate formation in unsupplemented washed dog corpuscles (3). 
The greater activity of rabbit endogenous controls may be compared with 
the ability of unsupplemented washed rabbit cells to reduce MHb, in 


contrast to the absence of such reduction in similarly prepared cat and | 


dog cells.? 

The effect of three hexoses added at various levels to washed dog and 
rabbit erythrocytes is shown in Table IV. The three sugars were used 
with aliquots of the same batch of cells at each level tested. It is appar 
ent that with glucose and mannose a maximal rate of utilization is ap 


proached in both species by increasing the concentration of substrate to | 


about 300 mg. per cent. Fructose, on the other hand, is much less effet- 


tive than glucose or mannose at low levels but yields greater rates that | 


these when added in high concentrations. The relative ability of thes 
three sugars at varying concentrations to produce carbon dioxide evolt 


? Unpublished results. 
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tion in dog erythrocytes corresponds closely with their relative ability 
to reduce methemoglobin (6). 

The effect of the sugars in combination was determined with dog eryth- 
rocytes. In Table V are given the rates of carbon dioxide liberation in 
several experiments in which aliquots of a washed red cell suspension 
were tested with hexoses singly or in paired combinations. To 4.0 ml. of 
cell suspension prepared from the washed pooled blood of six dogs were 
added 0.3 ml. of the 5 per cent sugar solutions (except fructose, 10 per 
cent) and Krebs-Ringer bicarbonate buffer to equalize dilutions. Galac- 
tose alone, it appears, is additive in effect with the other hexoses. This 
finding and the lowered effectiveness of mannose and fructose in combina- 
tion were also observed in utilization of the sugars to reduce MHb (6). 


TABLE IV 


Rate of Carbon Dioxide Evolution (Microliters per Hour)* by Dog and Rabbit Erythro- 
cytes in Relation to Hexose Concentration 























Glucose | Fructose | Mannose 
Substrate iF 

Dogs Rabbits Dogs Rabbits Dogs | Rabbits 

mg. per cent | | 

14.7 8.7 —5.1 | 10.1 | 

29.4 15.9 —4.3 | 16.4 | 

58.7 17.6 —1.7 : ae 

146.8 18.5 1.6 | 17.8 | 
292.6 20.0 50.6 14.5 | 23.6 54.1 
586.5 | ‘abee 49.8 22.9 | 59.7 20.6 49.0 

1174.5 | 30.7 | 67.7 


_ | 





* The rates were computed for the period 2 to 3? hours after tipping. 


An initial burst of gas evolution at tipping substrate or Krebs-Ringer 
bicarbonate buffer into the red cell suspension was noted in all the mano- 
metric tests. This sudden gas expulsion in hexose runs appears to be 
due mainly to the effect of the buffer in the side arm, since the magnitude 
of the burst decreases in order with buffer alone, mixed solutions of equal 
quantities of buffer and sugar, and sugar alone. Although the burst 
was somewhat larger with fructose than with other sugars, the charac- 
teristic early period of absorption in fructose flasks apparently is not a 
compensation for the large burst at tipping, since fructose in combina- 
tion with other sugars caused the usual initial negative period without 
alarger burst. 

Fumarate has invariably proved superior to malate in our experiments. 
In order to rule out the possibility that the lesser activity of malate might 
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be due either to inhibitory contaminants in our malate preparation or 
to inhibition of its metabolism by excess malate, experiments were con- 


TABLE V 
Additive Effect of Hexoses in Dog Erythrocytes 


All rates are given as microliters of CO: per hour for the period 2 to 4 hours after 


tipping. The per cent change was computed from the greater of the two single 
hexose rates involved. 













































































Experiment | Experiment | Experiment Experiment | Experiment Experiment 
1 2 3 4 § 6 
Substrate* tt Saar, Eats kia: $ Sr riiccaee eee ce : 
Per Per Per Per Per | Per 
Rate| cent |Rate| cent | Rate | cent | Rate | cent | Rate | cent | Rate | cent 
change change change change change| | change 
pl. pl. pl. pl. pl. | pl. | 
G. 23.5 25.4 12.6 26.0 21.0f 25.3 
F. 24.1 20.4 10.3t 30.4 18.5 130.5 
M. 27.0 26.6 15.2 25.8t 18.7f .2¢ 
Ga. 2.2 0.0 1.4 0.9 me 
G. + F. 23.0) —4.8/20.8)}—22.1)11.9 |—5.9/36.4 19.7|22.9 | 9.0 30.8 1.0 
“« 4M, 25.3) —6.7/20.3|/—31.0/16.6 9.2'26.0 0.0/23.0f| 9.5 \28.8 9.9 
M. + F. 22.0) —22.7|24.2)} —9.9/16.0 §.3|25.3 |—20.2)19.6f| 4.8 \24.0f —27.1 
G. + Ga. 26.8) 14.0/28.7) 13.0/16.3 | 29.4/30.2 16.2 | 
F. + “ 28.2) 17.0/29.2} 43.1)18.0 | 74.8/33.8 11.2 
M.+ “ = {28.4} 5.2/0.3] 13.9]19.1 | 25.6 aes 
| Experiment 7 | Experiment 8 Experiment 9 Experiment 10 | —— 
meat | | Per cat | | Per cent | | Per cent Per | “vi 
Rate | change | Rate | “change | Rate | change | Rate Se — 
gh a | \ ok | ab. 
G. | 14.8t | 18.8¢ | | 18.7¢ | | 23.2t 
F. | 24.9 | 19.6t | | 21.0 | 22.44 
M. | 14.6f | | 23.8T | | 23 .0T 26.1 
Ga. | | 
G.+F. | 25.6t| 2.8 0.0 
“ +M. | 17.8 | 16.9 Ll 
M. + F. | 19.3¢ |—29.0 | —14.1 
G. + Ga. | 22.4t | 19.1 | 23.2¢ | 24.1 | 25.9t | 11.6 | 18.2 
F. + “ 27.27 | 38.8 | 26.5f | 26.2 | 32.3 | 44.2 36.5 
M. + “ 24.6T | 3.4 23.8T 3.5 | 27.2t 4.2 9.3 





* G. represents glucose; F., fructose; M., mannose; and Ga., galactose. 
t Represents average of results obtained on duplicate flasks. 


ducted at several levels with 98 per cent pure malic acid’ (9) and recrys 
tallized fumaric acid. The results in Table VI show the advantage d 


3 Melting point, 98-98.5°; specific rotation: acetone,c = 4.76,la]p = —6.7°+0.° 
The method of purification was modified at the point of final recrystallization, which 
was effected from ether solution with benzene. 
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fumarate over malate at the several levels tested with these prepara- 
tions. The same ratio of fumarate to malate activity was obtained with 
these substrate and cell preparations when a portion of the cells was con- 
verted to ‘“MHb cells” (6) and the rate of MHb reduction was deter- 
mined, except that at the highest concentration fumarate and malate 
were equally effective. 

MHb reduction rates in methemoglobinized washed erythrocytes of 
the three species were measured by using the four hexoses and sodium 
lactate, malate, and fumarate as substrates according to the method de- 
scribed previously (6). Comparing manometric and MHb reduction 
rates shows but little disparity between the two means of studying red 
cell metabolism. In both types of measurements rabbits gave the fastest 
rates with all substrates and cats the slowest, except that cats and dogs 


TaBLe VI 


Rate of Carbon Dioxide Evolution in Rabbit Erythrocytes according to Concentration 
of Malate or Fumarate* 


MI. of 0.25 m substrate added per 














4 ml. cell suspension Malate Fumarate 
ac pl. COs per hr. pl. COs per hr. 

0.03 —0.6 5.1 
0.05 0.9 

0.09 3.6 12.7 
0.18 9.0 20.2 
0.36 14.8 27.8 
0.70 27.6 35.2 





*Similar results were obtained with commercial c.p. malic and fumaric acids 
(Bios). 


have the same rates with sugars. The order of utilization of the hexoses 
showed one definite discrepancy between MUHb reduction and mano- 
metric rates in that in dogs mannose was relatively slower than glucose 
and fructose only in regard to MHb reduction. 

On plotting the MHb concentration against time two types of curves . 
were encountered: one giving a straight line on log paper was obtained 
with all seven substrates in rabbit cells and with lactate, malate, and 
fumarate in dog or cat cells, and the other giving a straight line on a 
linear plot was obtained with the hexoses in cat and dog cells. Fumarate, 
and less definitely malate, showed a lag period of about 30 minutes be- 
fore a maximal rate of MHb reduction was reached. This was most 


distinct in rabbit MHb corpuscles, for which the rates attained were 
relatively very rapid. 
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DISCUSSION 
The malate conversion to lactate in erythrocytes in all probability 
resembles anaerobic glycolytic lactate formation in its alternate oxida- 


tion and reduction of di- or triphosphopyridine nucleotide. Accelera- 
tion of the rate of gas evolution with malate or fumarate by the presence 
in the cell of MHb would appear to be due to oxidation of and increase 
in the rate of turnover of the pyridine coenzyme. The supply of the 
oxidized coenzyme may then perhaps be regarded as a limiting factor in 
determining the rate. The impaired glycolysis in MHb-containing cells 
may be due either to an effect of MHb on glucose metabolism or, more 
likely, to an unfavorable effect of nitrite on the glycolytic mechanism. 

An explanation for the superiority of fumarate over malate could be 
either that the erythrocyte is more permeable to fumarate or that it 
metabolizes fumarate by a route other than through malate. The steady 
gas evolution with malate and fumarate in either saline-phosphate or 
bicarbonate buffer probably results from decarboxylation. The lactate 
determinations establish that such a reaction does occur in erythrocytes. 
That a slow rate is obtained manometrically with large amounts of pyru- 
vate suggests utilization of this substrate in a limited manner in some 
reaction such as decarboxylation. 

The relative effectiveness of glucose, fructose, and mannose might be 
explained on a basis of affinity for an enzyme required in common, such 
as hexokinase. This could explain also the failure of these sugars to 
improve one another additively. The relative order found for the rate 
of phosphorylation of fructose, glucose, and mannose by yeast hexokinase, 
t.e. 1.4:1.0:0.3 (10), is not in good agreement with the relative rate of 
utilization found here in erythrocytes. According to Krahl and Cori, 
the enzyme hexokinase probably limits the rate of glucose utilization in 
rat diaphragm (11). A delay in utilization of fructose could be explained, 
perhaps, by postulating a path for fructose metabolism in red cells similar 
to that thought to occur in liver (12), z.e. via fructose-l-phosphate. It 
is not understood why a preliminary phase of gas absorption occurs in 
dog cells with this substrate. Transfer of phosphate from adenosine 
triphosphate to glucose, the initial step in glucose metabolism, involves 
liberation of 1 acid equivalent (10). By way of explanation of the pro- 
gressively increasing rates with hexoses in dogs, it may be suggested that 
the increase in pyrophosphate on incubation of blood (13), 7.e. the progres 
sive increase in adenosine triphosphate resulting from anaerobic glycoly- 
sis (14), increases the rate of utilization of the hexoses in a progressive 
manner. 

The fact that rates are faster in rabbit cells than in cat and dog cor- 
puscles with each substrate might be a result of greater permeability of 
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rabbit erythrocytes or it might be due to greater concentration or rate 
of turnover of the essential respiratory enzymes. A similar explanation 
may be projected for the feeble utilization of the intermediates in cat cells. 
Even the endogenous controls are faster in rabbits, and this activity pre- 
sumably is due to impermeable metabolites retained in the washed cell. 


SUMMARY 


The formation of lactic acid from metabolic intermediates in washed 
erythrocytes has been investigated. Malate and fumarate, but not suc- 
cinate, are converted to lactic acid in rabbit erythrocytes. Commercial 
malic acid interferes with the determination of lactic acid by the method 
used. Conversion of malate or fumarate to lactic acid was not observed 
in hemolysates. 

The metabolism of seven substrates has been studied manometrically 
in erythrocytes of three species. Red blood cells treated with either 
malate or fumarate evolve carbon dioxide anaerobically from bicarbonate 
medium and do so more rapidly in the presence of methemoglobin. Fu- 
marate metabolism, after an initial negative phase, proceeds at a faster 
rate than malate. Pyruvate produces a slow but persistent rate of gas 
evolution in these anaerobic tests. 

Four hexoses are metabolized in dog, cat, and rabbit erythrocytes, 
the relative activity being approximately the same for mannose, glucose, 
and fructose, but much less for galactose. Fructose reaches a maximal 
rate more slowly than glucose and mannose in rabbit and dog corpuscles, 
and in the latter shows an initial period of gas absorption whether used 
singly or in paired combination with the other sugars. Glucose, fructose, 
and mannose yield progressively increasing rates in dogs, and steady 
rates in cats and rabbits. Fructose in dog erythrocytes is less active than 
glucose and mannose at low, and more active at high, concentrations. 
Galactose activity is additive with that of the other sugars in dog cor- 
puscles; fructose and mannose combined are less effective than the faster 
of these sugars used alone. 

Metabolic activity with hexoses in rabbit cells is nearly double that in 
cat and dog cells. With malate, fumarate, and pyruvate, carbon dioxide 
evolution is accomplished nearly twice as fast in rabbits as in dogs, which 
in turn utilize these substrates several times faster than cats. Succinate 
and lactate cause no gas liberation in the erythrocytes of any of the three 
species. 

MHb reduction rates agree in general with manometrically deter- 
mined rates in regard to relative effectiveness of the substrates and ac- 
tivity in the three species. MUHb reduction follows the pattern of a first 


order reaction except for resembling a zero order reaction with hexoses 
in dog and cat cells. 
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THE INCORPORATION OF RADIOACTIVE CARBON 
DIOXIDE AND ACETATE INTO LIVER 
PROTEINS IN VITRO* 


By CHRISTIAN B. ANFINSEN, ANNE BELOFF, anp A. K. SOLOMON 


(From the Department of Biological Chemistry, and the Biophysical Laboratory, 
Harvard Medical School, Boston) 


(Received for publication, December 6, 1948) 


During the past 2 years, a number of papers have appeared dealing 
with the subject of in vitro peptide bond synthesis. Melchior and Tarver 
(1) have described the incorporation of radioactive methionine into the 
proteins of rat liver slices. From this laboratory a preliminary report 
(2) has been presented describing the results of experiments on the fixa- 
tion of radioactive carbon dioxide in rabbit liver slices in which the pro- 
teins of these slices were shown to contain dicarboxylic amino acids la- 
beled in the carboxyl positions adjacent to the amino groups. Several 
other laboratories have reported the in vitro incorporation of C'*-labeled 
amino acids into the proteins and peptides of tissue slices (3-6), and 
homogenates (5, 7), and of erythrocytes (8). Cohen and McGilvery 
(9) have studied the formation of the peptide, p-aminohippuric acid, by 
liver homogenates and by the insoluble protein fraction obtained from 
these. 

The significance of all of these studies (excepting those of Cohen and 
McGilvery in which a single, easily identifiable peptide compound was 
under consideration) depends on the assumption that the “turnover” 
actually takes place in the peptide chain of proteins. Other, but un- 
likely, possibilities are peptide bond formation on side chain amino and 
carboxyl groups, or the adsorption of added labeled compounds, not re- 
moved by the precipitating and washing procedures. Indeed, such pos- 
sibilities would also apply to the bulk of the in vivo studies on which the 
theory of the dynamic state of body proteins stands. 

Assuming, however, the unlikelihood of these possibilities, the data in 
the above reports lead to certain tentative conclusions: First, the neces- 
sity for oxidative energy; and second, the localization of at least some 
of the enzymes involved in the insoluble particles of the tissue cells. 
Whether or not the mechanism of incorporation of the amino acid units 
into the protein molecule is the same in those studies with labeled amino 


* This work was supported in part by a contract between Harvard University and 
the Office of Naval Research, and in part by a grant-in-aid from the Josiah Macy, 
Jr., Foundation. 
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acids and in the present experiments in which the slices must synthesize 
their own radioactive molecules by CQO, or acetate fixation is not clear 
at present. As will be seen below, certain experiments suggest the pos- 
sibility that some radioactive compound other than the amino acid it. 
self may be the immediate precursor to peptide bond turnover in the case 
of aspartic and glutamic acids. 

The in situ formation of labeled amino acids in the “turnover’’ studies 
to be reported below possesses one inherent advantage over in vitro ex- 
periments with labeled amino acids. The conditions under which pro- 
tein turnover might take place are more nearly physiological than in the 
presence of an abnormal excess of a single labeled amino acid, ordinarily 
present in rather small amounts. 

In the present paper, a comparison is made of the rates of incorpora- 
tion in proteins of radioactivity from inorganic carbon dioxide and from 
carboxyl-tagged acetate. The results show that the carboxy! carbon 
of acetate is incorporated in the protein dicarboxylic amino acids without 
first becoming carbon dioxide. This acetate carboxyl carbon appears to 
be incorporated at a rate about one-quarter to one-half that of carbon 
dioxide incorporation. 


Methods 


Liver slices from fasted rabbits were incubated in suitable media con- 
taining radioactive carbon as NaHCO; or as carboxyl-labeled sodium 
acetate. The sodium acetate was prepared by a modification (10) of the 
method of Sakami, Evans, and Gurin (11). Except for the addition of 
40 mm of pyruvate and 7.5 mm of alanine in most of the experiments, 
the incubation media were identical with those described previously (12), 

Immediately after the removal of the liver from the animal, three 
slices, 0.5 mm. thick, were cut with the Stadie slicer and placed in 50 ml. 
Erlenmeyer flasks containing 3 ml. of incubation medium. The Erlen- 
meyer flasks had sealed in side arms, fitted with vaccine ports for adding 
reagents and removing gas samples for analysis. The mouths of the 
flasks carried 2-holed rubber stoppers through which passed two glass 
tubes to permit flushing the flasks with appropriate gas mixtures (5 per 
cent CO.-95 per cent oxygen, unless otherwise stated). After a 5 minute 
period during which the gas mixture was passed through the vessels, the 
gassing ports were clamped shut, and an 0.04 to 0.08 ml. aliquot 
of Na,C“O; (about 0.0015 mm) or carboxyl-labeled sodium acetate (about 
0.0017 mm) was added with a constriction pipette (13). These additions 
were made through the side tube and the vaccine ports which had beet 
removed were quickly replaced. The vessels were rocked slowly in 4 


constant temperature room at 38 + 1°. At the end of the incubation | 
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period, 3 ml. of 10 per cent trichloroacetic acid were added through the 
vaccine port by means of a hypodermic syringe. 

Gas samples were withdrawn with a syringe from the flask through the 
vaccine port and transferred at once to a centrifuge tube containing 1 ml. 
of barium hydroxide. The radioactivity of a weighed portion of the 
precipitated barium carbonate was measured and the specific activity 
of the inorganic carbon in the flask was calculated. Experiments showed 
that, with the ratio of medium to tissue employed, the specific activity 
of the inorganic carbon in vessels with added NazC“O; did not change 
by more than 5 per cent during a 4 hour period of incubation. 

The tissue slices and medium were transferred to a mortar and ground 
thoroughly. The finely ground tissue was then washed three times by 
centrifugation and resuspension in cold 5 per cent trichloroacetic acid, 
three times in 50 per cent alcohol-ether, and once in ether. The protein 
material remaining, after drying, was hydrolyzed for 20 hours in 6 N 
HCl. The hydrolysate was decolorized with charcoal, concentrated to 
dryness in vacuo over sodium hydroxide pellets, and made up to a known 
volume, usually 2 or 3 ml. 

The dicarboxylic amino acid fraction was prepared from a portion of 
this hydrolysate. 1 ml. of the hydrolysate was brought to pH 10 with 
saturated barium hydroxide, and 0.2 ml. of additional Ba(OH), was 
added to provide an excess. The addition of 3 volumes of alcohol gave 
a flocculent precipitate which was centrifuged. This barium precipitate 
was decomposed with sulfuric acid, the barium sulfate centrifuged out, 
and the dicarboxylic amino acids reprecipitated from the supernatant 
in the same manner as described above. After decomposition of this 
precipitate with sulfuric acid, the absence of appreciable contamination 
by other amino acids was demonstrated by the filter paper chromato- 
graph technique of Consden, Gordon, and Martin (14). As a standard 
for comparison with the unknown solutions, a drop containing glutamic 
and aspartic acids in equal proportions plus phenylalanine to the extent 
of 5 per cent of one of these was placed on the filter paper strip. This 
amount of phenylalanine gave an easily detectable spot, while the un- 
known solutions yielded only the spots characteristic for glutamic and 
aspartic acids. The purity of the fraction was further demonstrated by 
ninhydrin-Van Slyke analysis and by the use of glutamic acid decar- 
boxylase (15). 

An aliquot of the dicarboxylic amino acid fraction was treated with 
ninhydrin by the usual manometric technique (16), and the liberated 
CO; fixed as barium carbonate by delivery into barium hydroxide. This 
CO, was derived from the e- and -carboxyl groups of aspartic acid and 
the a-carboxyl group of glutamic acid. In some experiments, glutamic 
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acid decarboxylase was employed to release only the carbon dioxide of 
the a-carboxyl group of glutamic acid. This gas was also fixed as above, 

Prior to precipitation of the dicarboxylic amino acids, the hydroly- 
sates were treated with ninhydrin and the liberated CO, collected and 
determined. On some of the hydrolysates, a measured aliquot was 
burned in a combustion furnace packed with copper oxide and the (0, 
collected for the determination of the specific activity of the average 
amino acid carbons. 

All barium carbonate samples were centrifuged, washed, and trans. 
ferred to steel counting cups as described elsewhere (17). Duplicate 
samples of carbonate were prepared, transferred, and counted with about 
5 per cent accuracy. All radioactivity measurements were made on the 
solid, dried precipitate, with a thin window Geiger-Miiller counter. 
Counts were corrected for self-absorption and background. On samples 
of the inorganic carbon from the gas phase and on occasional samples 
yielding CO, in excess of the range of the Van Slyke manometer, the C0, 
was determined gravimetrically by weighing the BaCQs. 


Results 


All of the experiments to be reported subsequently were carried out in 
the presence of pyruvate and alanine, and before we were aware of their 
laek of effect on CO, incorporation. The reason for adding pyruvate 
and alanine originally was to provide optimum conditions (as we thought) 
for the formation of oxalacetate by the carboxylation of pyruvate and the 
transamination of oxalacetate to aspartic acid by having an excess of 
alanine present. However, subsequent experiments in which CQ, and 
acetate carboxyl carbon incorporation in the rabbit liver proteins were 
studied in the presence and absence of added pyruvate and alanine in- 
dicated that the incorporation into the liver proteins in vitro was not 
measurably influenced by the presence of an excess of these substrates. 
Presumably, substrates were present in sufficient quantity in the liver 
of fasted animals to provide for the formation of an isotopic precursor 
of the dicarboxylic amino acids. 

CO. and Acetate Carboxyl-Carbon Incorporation during Incubation— 
The incorporation of CO, and acetate carboxyl carbon into liver proteins 
in vitro was found to be considerable at the end of 1 hour of incubation 
and increased for at least 4 hours. 

In Table I are presented data from experiments in which the incorpora- 
tion of CO; and acetate carboxyl carbon radioactivity are compared. In 
Column 3 is given the total radioactivity added to each flask as Na,0"0; 
(experiments (a)) or carboxyl-labeled acetate (experiments (b)). Co: 


umn 4 shows the specific activity of the CO, in the flasks at the end d 


In 


os bs 


SS CUT a Oe ee oo 


de of 
bove, 
lroly- 
| and 

was 
CO, 
erage 


Tals- 
licate 
about 
n the 
inter. 
mples 
mples 


e C0; 


out in 
’ their 
"uvate 
yught) 
id the 
ess of 
dy and 
; were 
ne in- 
4S not 
trates. 
livers 
CUTSO 


ition— 
roteins 
bation 


rpora- 
d. i 
12C0"0; 
Col 
end of 


C. B. ANFINSEN, A. BELOFF, AND A. K. SOLOMON 1005 


the incubation period. In the case of the “acetate” flasks, this radio- 
activity represents the CO, resulting from oxidation of acetate and 
amounts to 9 to 19 per cent of the total added counts. The raw data in 
Columns 5 and 6 are the specific activities of the CO, obtained by treat- 
ing the hydrolysates and the dicarboxylic amino acid fractions, respec- 
tively, with ninhydrin. For comparison of the degrees of incorporation 
of CO, and acetate, the data in Column 6 have been corrected for those 


TABLE I 
In Vitro Incorporation of C!*O, and CH;C'*OONa into Amino Acids of Rabbit Liver 
Slice Proteins 
Pyruvate, 40 mm per liter. The experiments marked (a) had C'* added as 
Na,C!‘O,; the experiments marked (b) had C'* added as CH;:C'*OONa. Specific 
activities expressed as counts per minute per mm of carbon. Each flask contained 
0.22 mm total CO:. 



































Final Snectte octoe ; Carboxy] specific activity 
Experi- | Incu- esuis apeetie Ratio 
No. — pity of ban Hydrol- yess se ae Derived | Derived |Per 100,000 
ganic C saahe aspartic from from = 
acids COs acetate | per vessel 
(1) (2) (3) (4) (S) (6) (7) (8) | (9) (10) 
Ws. | pep min. | 
la 2 | 71,500 | 325,000 1030 | 1440 
la 4 | 71,500 | 325,000) 915 2780 3.0 | 3890 
lb 4 21,800 | 18,700) 140 525 3.7 | 160 | 365 1670 
2a | 2 | 57,000 | 258,000 560 | | 980 
2a + 57,000 | 257,000} 330 750 2.3 | 1310 
2b | 2 | 40,000} 24,800} 85 240 2.8 | 54 | 186 510 
2b 4 40,000 | 26,000} 120 500 4.2 | 75 | 425 1120 
3a 4 36,000 | 165,000 194 360 1.9 | | 1000 
3b 4 19,000 8,400 84 | 18 | 66 | 350 
3b | 4 | 19,000} 10,600 83 | 23 | 60 | 320 








* CO, liberated by ninhydrin; 7 minutes, 100°, pH 2.5. 


counts due to incorporation of CO: resulting from acetate combustion. 
In calculating this correction, two assumptions are made. First, the 
tate of CO, incorporation is assumed to be the same in the several vessels 
in each experiment. Second, it is assumed that the final specific activity 
of CO, in the acetate flasks was that present throughout the incubation. 
Since these flasks contain no radioactive CO, at the beginning of the ex- 
periments, the calculated corrections are somewhat high. The calculated 
incorporations of radioactivity derived from acetate into liver slice pro- 
teins, therefore, are conservative estimates and may be considerably 
greater than shown here. 
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The corrections in Column 8 were obtained by multiplying the specific 
activity of the carboxyl carbon dioxide of the dicarboxylic amino acids 
by the ratio of specific activities of the inorganic carbon dioxide in the 
corresponding “acetate” and ‘‘CO,” flasks incubated for the same period 
of time. In Column 9 this correction has been subtracted from the corre. 
sponding value in Column 6. For direct comparison, the incorporated 
radioactivity from CO, and acetate are expressed in Column 10 on the 
basis of 100,000 total counts per minute added to each vessel. 

The data in Column 10 indicate that there has been incorporation of 
acetate carboxyl carbon into the carboxyl group of glutamic and aspartic 
acids by a mechanism not involving CO, and that this occurs at a rate 
about one-half to one-third that of CO. incorporation. 

These data yield another fact of particular interest. In Column 7, 
the ratios of the specific activity of the dicarboxylic amino acid fraction 
to that of the total hydrolysate have been calculated and average 3.0. 
Block (18) has reported that the glutamic acid and aspartic acid contents 
of liver are 12.2 per cent and 6.9 per cent, respectively. If all the radio- 
activity found in the carbon dioxide liberated by ninhydrin oxidation of 
the total hydrolysate resided in the a-carboxyl group of glutamic acid and 
either or both of the carboxyl groups of aspartic acid, this ratio (Column 
7) should be 3.9 on the basis of the figures reported by Block. It ap- 
pears, therefore, that a large part of the incorporated radioactivity may 
be accounted for in the dicarboxylic amino acids, since the ratio in Column 
7 should be unity instead of 3.0 if all the amino acids were equally ra- 
dioactive in their carboxyl positions. As will be shown below, the spe- 
cific activities of the a-carboxyl group of glutamic acid and of both of the 
carboxyl groups of aspartic acid taken together are approximately the 
same. 

Distribution of C™ between Glutamic and Aspartic Acids—A number 
of large scale experiments with Na,C“O; were performed with rabbit liver 
slices in order to prepare sufficient hydrolysate for more detailed study 
of the dicarboxylic amino acid fraction. In these experiments, about 
2 to 3 gm. of slices were employed per vessel and the other components di 
the system were increased proportionately. Barium fractions were 
prepared as described above. On these fractions were determined the 
total amino nitrogen (NH.-N) by the nitrous acid method of Van Slyke 
(19), the ninhydrin-liberated carbon dioxide (COOH-N), and the carbon 
dioxide liberated by squash glutamic acid decarboxylase (15). The 
aspartic acid content was calculated as one-half the difference betweel 
the decarboxylase and ninhydrin values. 

The analytical results are presented in Table II. The total dicar 
boxylic amino acid NH:-N of the barium fraction, Column 5 (calculated 


from Columns 3 and 4), is in essential agreement with the values found by | 


—— 


ea a ee f= lc sl(C(<CiCr rh! DS CO BF. 


ecific 
acids 
n the 
eriod 
corre- 
rated 
n the 


ion of 
partic 
a rate 


mn 7, 
action 
re 3.0, 
ntents 
radio- 
‘lon of 
id and 
Olumn 
It ap- 
y may 
;olumn 
lly ra- 
1e spe- 
of the 
ly the 


yumber 
it liver 
| study 
about 
ents of 
s were 
red the 
n Slyke 
carbon 
). The 


pet weel 


| dicar- 
lculated 
ound by 


C. B. ANFINSEN, A. BELOFF, AND A. K. SOLOMON 1007 
direct nitrous acid analysis, Column 6. From the agreement of these 
values, it is apparent that the barium fractions contained no significant 
amounts of a-NH.-N other than those of glutamic and aspartic acids. 
The absence of other amino acids in the fraction was further demon- 
strated by filter paper chromatography, as referred to above. 

The radioactivity data are also presented in Table II. These show 
that the specific activity of the glutamic acid a-carboxyl carbon and the 
average specific activity of the ninhydrin-liberated CO, are in fair agree- 
ment. From this, it may be inferred that the average specific activity 
of the two aspartic acid carboxyl carbons is approximately equal to that 


TABLE II 


Composition of Dicarboxrylic Amino Acid Fraction and Distribution of C'* between 
Glutamic and Aspartic Acids 


Rabbit liver slices incubated 4 hours in medium containing 40 mm of pyruvate 
per liter and 7.5 mm of alanine per liter. 


Analytical data*® Radioactivity data 

















Experi As ti id Calculated Nae ee. ope 
t } Glut * partic aci | vaicuiated | | F 
"No. | Ninhydrin decarbory- | Got) | sieve asd’ | Found | Minkpdete | Soto. 

ase = | 7 | 2 } ~ 
(1) (2) | (3) (4) (S) (6) (7) | (8) 
| counts per | counts per 
min. per mM | min. per mM 
1 21.4 7.8 6.8 | 14.6 15.4 | 1140 940 
2 43.1 16.4 13.4 29.8 30.4 | 1000 | 810 
8 | 34.1 11.6 11.3 22.9 23.4 | 2030 | 2170 





Se 


* For direct comparison of the results of the three analytical procedures, the data 
are expressed as micromoles of nitrogen. All analyses were performed on aliquots 
of the same size. 





of the glutamic acid a-carboxyl carbon. No evidence is available on the 
radioactivity of the y-carboxyl carbon of glutamic acid. 

As was mentioned under “Methods,” aliquots from some of the hy- 
drolysates were combusted for the determination of the average specific 
activity of all the carbon atoms in the hydrolysate. The results of these 
experiments are given in Table III. The average carbon chain length 
of the amino acids present is approximately 4.6 as calculated from the 
mM of carboxyl carbon (Column 3) and the mm of carbon dioxide derived 
by combustion (Column 4). When the specific activity of the carbon 
dioxide resulting from the combustion is multiplied by 4.6 (Column 8) to 
make the results comparable to the ninhydrin-liberated carbon dioxide 
values, the resulting specific activities are from 2 to 3 times those of the 
corresponding carboxy] carbon samples (compare Columns 8 and 6). 

It has been demonstrated (Table I) that a large part of the radioac- 








1008 COe AND ACETATE IN LIVER PROTEINS 


tivity was incorporated into the carboxyl groups from carbon dioxide 
and acetate residues in the a-carboxyl group of glutamic acid and in one 
or both of the carboxyl groups of aspartic acid. The results in Table 
III suggest that additional carbon atoms in the average protein molecule 
of the rabbit liver slices have been in equilibrium with environmental 
carbon dioxide or acetate, since the radioactivity calculated as the counts 
per minute per average carbon chain (Column 8) exceeds the specific 
activity of the carboxyl carbon dioxide (Column 6). 

It should be emphasized that the hydrolysate employed, although pre. 
pared from protein which has been thoroughly washed and defatted, 
may contain trace amounts of non-protein components containing radio- 
activity. Thus, for example, both CO; and acetate have been shown to 


TaBieE III 
Comparison of Specific Activities of CO, Samples Obtained by Ninhydrin Treatment 
and Combustion of 0.1 Ml. Aliquots of Hydrolysates from Rabbit Liver 
Slice Proteins 


Pyruvate, 40 mm per liter. The experiments marked (a) had C'* added as 
Na»C'4Q;; the experiments marked (b) had C'* added as CH;C!4OONa. 


Riiietmeedl Incubation | Ninhydrin | Combustion Carbon 4.6 X (1) 
i CO: co CO2 gh 




















Ninhydrin | Combustion 
No. time 2 chain length CO: 
= io (2) __ (3) @) | a ae a a: ) a 
. 
be. | ome | ome Nes. 
la 4 0.25 | 920 360 1650 
lb 4 0.050 0.24 | 4.8 140 100 460 
2a 4 0.059 0.24 4.1 330 175 810 
2b 2 0.072 0.34 =| 4.7 80 37 170 
2b 4 | 0.072 | 0.83 | 4.6 10 | 92 | 40 
! } oa a ee 





be precursors of the purine ring structure (20), and radioactivity from 
these sources may possibly be present in the non-protein moiety of the 
nucleoproteins. In the case of ninhydrin-liberated carbon dioxide, this 
would not affect the results, since this reagent is highly specific for the 
amino acid molecule. However, it would apply to the combusted sam- 
ples and the interpretation of the results presented here must, therefore, 
await further study through the isolation of individual pure amino acids. 

In an attempt to localize at least a portion of this “‘extra’’ radioac- 
tivity, the specific activity of the guanidine carbon of arginine has beet 
determined in experiments with added Na,C“O;. This carbon was I 
leased by treatment of the hydrolysate with purified arginase (21) fol 
lowed by release of the urea carbon with urease in the manometric Val 
Slyke apparatus (22). The results reported in Table IV indicate that 
the guanidine carbon has almost twice the specific activity of the glu 
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tamic and aspartic carboxyl carbons. This would account for a consider- 
able proportion of the radioactivity found in the protein hydrolysates 
not attributable to carboxyl carbons. 


TaBLE IV 
Comparison of in Vitro Incorporation of Radioactive CO, in Guanidine Carbon of 
Arginine and Carboryl Groups of Glutamic and Aspartic Acids 


10 ml. of medium, 40 mm of pyruvate per liter. The radioactivity added as 
Na:C!4O;. Incubation time, 4 hours. 








| 


Guanidine C 


Specific activity of | Ninhydrin CO2* of | 








| 
Seaginent final tporganic | dicar xylic amino | a of | ee 
| | specific activity 
counts per min. counts per min. | counts per min. | 
per mM per mM per mM 
| 294 ,000 | 2030 | 3700 | 1.8 
360 , 000 2640 | 4700 1.8 
2 360 , 000 | 1220 2700 | 2.2 
350 , 000 970 1300 | 1.4 


' 





* a-Carboxyl carbon of glutamic acid plus both carboxyl carbons of aspartic acid. 


TABLE V 
Effect of Anaerobiosis and Mincing on Incorporation of C'4O, in Rabbit Liver Protein 
Dicarborylic Amino Acids 


Incubated for 4 hours in medium containing 40 mm of pyruvate per liter and 7.5 
mM of alanine per liter. 














| 
Experiment No. age 3 ta Conditions atuanviin COs oh 
| counts per min. per mM counts per min. per mu 
1 350 , 000 Control 1230 
| 5% CO:-95% Nz 0 
Mince 360 
2 | 450,000 Control 2780 
5% CO2-95% Na | 0 
3 | 340,000 Control 1310 
| 5% CO:-95% Na 0 
Mince 750 














Effect of Anaerobiosis and Mincing—In Table V are presented data 
from experiments on the effect of anaerobiosis and of mincing the tissue 
slices on the incorporation of C“O, in the carboxyl groups of the dicar- 
boxylic amino acids. The liver was minced at room temperature with 
the edge of a spatula on a porcelain plate until reduced to a semifluid 
sludge. An amount of liver corresponding to the number of slices used 








TABLE 


VI 


Effect of Addition to Medium of Non-Isotopic Glutamic and Aspartic Acids and of 
Glutamine and Asparagine on Incorporation of C!*Oz in 
Rabbit Liver Protein Dicarbozylic Amino Acids 
Pyruvate, 40 mm per liter; alanine, 7.5 mm per liter. The specific activity of CO, 
in Experiment 1 is 402,000 counts per minute per mm; in Experiment 2, 325,000 


counts. 





Experi- Incu- 
ment bation 
No. time 


Additions (as sodium salts), pH 7.4 





Specific 
activity of 
ninhydrin. 

liberated 
_ COs of 
dicarboxylic 
amino acids 





> 
: 
r 


5 
10 


m= & & DO Or or or cr bo 








8 


None (control) 


“cc 


“e “c “cc ia) 


“ce ce ‘ec sé 


None (control) 


“« glutamic and 


2 mg. each aspartic and glutamic acids 


“ce “ee 


“ce ‘é 


8 mg. each glutamine and asparagine 


aspartic acids 





| counts per 
min. per mu 


| 1450 
| 3560 
3580 
3100 
3640 
1030 
2780 
2200 
2210 





TABLE 


VII 





Effect of Addition of Non-Isotopic Malate and Oxalacetate to Rabbit Liver Slice System 
Pyruvate, 40 mm per liter; alanine, 7.5 mm per liter. 


A. Malate; Specific Activity of CO, = 248,000 Counts per Minute per mu 





Incubation time 


Added Na malate 
(pH 7.4) 


of 


Specific activity of 


ninhydrin-liberated CO: 


dicarboxylic amino acids 





hrs. 


~ 1 PP PO 


cc 


5 
12 
25 





mM perl. 


None 











Experiment No. 


B. Oxalacetate; Incubated for 4 Hours 


Added Na oxalacetate | 
(pH 7.4) | 
j 


Specific activity of COz 





counts per min. per mM 
1030 
1750 
1900 
1300 
2000 


Specific activity of 


ninhydrin-liberated COs 
of dicarboxylic amino acids 








mM perl. 
None 
5 
25 
None 
25 
None 
25 
50 





counts per min. per mu 


165,000 


225 ,000 


140 ,000 





counts per min. per mM 
370 
330 
210 
1250 
590 
1060 
420 
450 
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in the control flask was then transferred to 3 ml. of medium. In the 
anaerobic vessels, flushed with 5 per cent CO,.-95 per cent nitrogen, no 
radioactivity was found in the carboxyl CO, of the barium fraction. The 
over-all process, therefore, is dependent on the presence of oxygen con- 
firming the results of others (8, 5). Mincing the tissue caused a decrease 
jn incorporation to about one-half to one-third that obtained in the con- 
trol vessels. 

Effect of Various Substrates—In an attempt to determine possible inter- 
mediates and precursors of the radioactive dicarboxylic amino acids 
found in the slices, we have added (in non-isotopic form) glutamic and 
aspartic acids, asparagine and glutamine, malate, and oxalacetate. 

As the data in Table VI show, the addition of as much as 10 mg. (about 
23 mm per liter) each of glutamic and aspartic acids and 8 mg. (about 
20 mm per liter) of glutamine and asparagine to the liver slice system 
caused no decrease in the specific activity of the dicarboxylic amino 
acid carboxy! carbons. 

The results of the experiments with added malate and oxalacetate are 
shown in Table VII. No effect on the specific activity of the dicarbox- 
ylic amino acid carboxyl carbons was observed with malate, but oxalace- 
tate alone of all the added substrates caused a decrease in specific 
activity. 


DISCUSSION 


Evans and Slotin (23) working with C" showed that, when pigeon liver 
mince was incubated with radioactive CO., some of the radioactivity 
was found in the carboxyl groups of the free amino acids and was released 
by the action of ninhydrin or chloramine T. Although these experi- 
ments provided early evidence that the enzymatic incorporation of CO, 
into amino acids was possible in vitro, no examination of the protein was 
made at that time. 

Experiments in vivo by Delluva and Wilson (24) have demonstrated 
the rapid appearance of isotopic carbon atoms from administered CO, 
in the dicarboxylic amino acids of tissue proteins. Rittenberg and Bloch 
(25) have shown that, after feeding carboxyl-labeled acetic acid to rats, 
aspartic and glutamic acids isolated from the tissues of the animals con- 
tained isotope in the carboxyl positions. The results presented above 
demonstrate the incorporation of isotopic CO, and acetate into liver 
proteins in vitro. They also show that, of the incorporated radioactivity 
found in the carboxyl groups of the liver protein amino acids, the bulk 
is localized in glutamic and aspartic acids in about equal amounts. 

The reaction through which the CO, molecules pass in reaching their 
final positions in the protein molecule are still obscure, due to the failure 
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of added pyruvate, alanine, glutamate, aspartate, glutamine, asparagine, | 


or malate to affect the specific activity of the carboxyl carbons of the 
protein dicarboxylic amino acids. The lowered specific activity observed 
in the presence of oxalacetate may indicate an actual isotopic dilution 
effect on a product of the CO,-fixing reaction, or may simply indicate g 
toxic effect of high concentration of this substance on the enzyme systems 
involved in the assimilation of CO, into liver proteins. Such an effect 
has been reported by Buchanan ef al. in studies on acetoacetate oxidation 
(26). 


SUMMARY 


1. Incubation of rabbit liver slices with NaHCO; or CH;C“OONa 
results in the incorporation of radioactivity into the carboxy! groups of 
the protein amino acids. This incorporation continues progressively for 
at least 4 hours. 

2. A major part of this incorporated carbon is found in the dicarboxylic 
amino acid fraction. The specific activity of the a-carboxy] group of 
glutamic acid is approximately equal to the average specific activity of 
the a- and 8-carboxy] groups of aspartic acid. 

3. In the absence of oxygen, there is no incorporation of C™“O,. The 
degree of incorporation is decreased markedly by mincing the tissue. 

4. The addition of the following non-isotopic substrates had no effect 


on the degree of incorporation of C“O,: glutamic acid, aspartic acid, | 


glutamine, asparagine, malate, pyruvate, and alanine. Added oxalace- 
tate decreased the incorporation to approximately 50 per cent of the 
control values. 

5. After incubation with both isotopic acetate and bicarbonate, pro 
tein hydrolysates contained radioactivity in excess of that accounted for 
by the dicarboxylic amino acid carboxy] carbon radioactivities. 

6. In experiments with NaHC"O;, evidence was obtained showing that 
the guanidine carbon of arginine has undergone exchange with radio 
active carbon. 
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THE FORMATION OF CITRATE BY EXTRACTS OF RABBIT 
KIDNEY CORTEX* 


By GEORGE KALNITSKY 


(From the Department of Biochemistry, State University of lowa, 
College of Medicine, Iowa City) 


(Received for publication, February 21, 1949) 


The metabolic interrelationships of the tricarboxylic acid cycle have re- 
ceived wide-spread attention during the past few years. Curiously, one 
of the least understood steps in this series of reactions is the original con- 
densation reaction, the formation of citrate or of a related compound. 
Breusch (1-3) has described various tissue minces containing an enzyme 
citrogenase which catalyzes the formation of citrate from oxalacetate plus 
8-keto acids. This enzyme was extracted with 0.5 per cent NaHCOs, 
and was fairly stable. Wieland and Rosenthal (4) also demonstrated the 
formation of citrate from oxalacetate, acetoacetate, and Ba**, using a mash 
of rabbit kidney cortex. Martius (5) described citrate formation from 
oxalacetate and pyruvate by hog heart, rabbit kidney, or liver pulp. 
Hunter and Leloir (6), using a washed suspension of dog kidney cortex, 
demonstrated that a-ketoglutarate oxidation stimulates the conversion of 
oxalacetate and acetoacetate to citrate, but a-ketoglutarate oxidation was 
not necessary for the formation of citrate when oxalacetate was the only 
substrate. They also found that the enzyme was not truly extracted by 
NaHCO;, but was associated with particles which were sedimented by high 

, speed centrifugation. Kalnitsky (7) obtained increased yields of citrate 
from oxalacetate in the presence of MgCl, or fluoroacetate, with rabbit 
kidney cortex homogenates. 

The present communication demonstrates that the enzymes necessary 
for citrate formation from oxalacetate are present almost entirely in the 
mitochondria fraction of cortex cells of rabbit kidney. Various optimum 

, conditions for citrate formation are described, including the necessity of 
inorganic phosphate and Mgt+ or Mn++ for the reaction. 


Methods 


Tissue Preparation—Rabbits were stunned by a blow on the head and 
were bled and the kidneys removed immediately. The kidney cortex was 
) Weighed and homogenized in 2 volumes of NaCl-KCl solution (2 parts of 
0.9 per cent NaCl plus 1 part of 1.15 per cent KCl) in a Potter-Elvehjem 
* This work was supported in part by grants from the Nutrition Foundation, Inc., 
and from the Smith, Kline and French Laboratories. 
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glass homogenizer (8). The homogenate was then centrifuged at 1500 | 
X gravity for 3 to 5 minutes. The packed precipitate was discarded and | 
the cloudy supernatant utilized as the enzyme suspension. 

For some experiments, the enzyme suspension was dialyzed in a cello. 
phane bag against distilled water at 0° for 15 or 20 minutes, as indicated, 
Washed preparations of the enzyme suspension were obtained by centrifug. 
ing at 19,000 to 20,000 X gravity for 5 to10 minutes. The resulting super. 
natant was discarded and the smooth, creamy precipitate was made upto | | 
two-thirds the volume of the original supernatant with NaCl-KCl solution, ! 

The activity of all these enzyme preparations was determined by incubat- 
ing, in 50 ml. Erlenmeyer flasks. These were shaken at 120 3.5 cm. stroke 
per minute at approximately 30°. The time of each experiment was | 
hour, unless otherwise indicated. 

Fractionation of Cellular Components—The original homogenate of kidney 
cortex was fractionated essentially as described by Claude (9, 10), Hoge. 
boom et al. (11), and Schneider (12). The procedure used in isolating the 
mitochondria and microsome fractions was as follows: The homogenate was 
centrifuged for 3 minutes at 1500 X gravity to sediment the nuclei, whole 
cells, and débris. This sedimented fraction was then washed three times 
with 15 ml. of alkaline water (12) and centrifuged 3 minutes at 1500 X | 
gravity, the supernatant fluid being discarded. This washed sediment, 
plus 3 times its own volume of NaCl-KCl solution, was termed the residue. 
The original supernatant was centrifuged at 1500 X gravity for 3 minutes 
This process was carried out three times, the sediment being discarded each 
time. The supernatant (containing mitochondria and microsomes) was 
then centrifuged at 2400 X gravity for 15 to 20 minutes to sediment th 
mitochondria or large granules. The mitochondria precipitate was washel | 
with 15 ml. of NaCl-KCl solution and centrifuged as before. This pr | ou 
cipitate, plus 3 times its own volume of NaCl-KCl solution, was called the | ys 
mitochondria fraction. The supernatant from the mitochondria fractia | ™ 
was then centrifuged at 19,000 to 20,000 X gravity for 5 minutes. The 
small precipitate (mitochondria) was discarded, and the supernatant ws © 
centrifuged at 19,000 to 20,000 X gravity for 90 minutes. The jelly-like | ta 
precipitate obtained, made up with an approximately equal volumed SI 
NaClI-KCl solution, was termed the microsome fraction. All centrifuge 
tions were carried out in a cold room at 0°. fa 

The mitochondria were examined under the microscope, with and with ob 
out stain. The Janus green stain for mitochondria (13) was positive, all 
there was practically no other material present. 

Chemical Methods—Citrate was determined as previously described (1) | 
Oxalacetate was prepared according to the method described by Krampil | 
and Werkman (14) and was dissolved and neutralized immediately belt) 
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use. Acetoacetate was prepared according to Ljungren (15), and was also 
dissolved and neutralized before use. Lithium pyruvate was prepared 
according to Wendel (16). 
Results 
Effect of Various Substrates 
Various substrates have been employed in attempts to increase citrate 


formation from oxalacetate with animal tissues (1, 4-6). Pyruvate and 
acetoacetate increased citrate formation, but acetate did not. Under the 

















TABLE I 
Citrate Formation from Various Substrates 
| Citrate formed 
Experiment No. | nae Other substrates added | ome oa 
| fluoroacetate fluoroacetate 
pM pM pM aM 
1 100 7.1 26.0 
| 100 Pyruvate 100 14.1 28.4 
| 100 Acetoacetate 50 11.6 26.6 
2 100 12.5 30.6 
100 Acetate 100 17.5 
100 “ 300 18.5 26.5 
100 " 500 18.0 
3 30 | 0.4 
Acetate 300 | 0.4 
30 - 300 6.5 
50 4.3 22.4 
50 Acetate 300 | 9.3 

















Tissue suspension 2.0 ml. (Experiment 1), 1.5 ml. (Experiment 2), 2.0 ml. of washed 
suspension (Experiment 3); substrates in indicated amounts; fluoroacetate 100 
uM (0.02 m); phosphate buffer, pH 7.6, 0.03 m; MgSO,, 0.006 m (Experiment 2), 0.01 
M (Experiment 3); total volume 5.0 ml.; atmosphere, air. 


conditions of our experiments, acetate, as well as pyruvate and acetoace- 
tate, increased citrate formation from oxalacetate (Table I). Somewhat 
similar increases with acetate have also been obtained by Lehninger,' using 
rat liver tissue. Caproate was slightly inhibitory, possibly due to its sur- 
face action. However, the largest yields of citrate from oxalacetate were 
obtained by the addition of fluoroacetate (Table I). 


Optimum Substrate and Enzyme Concentrations 


Despite the instability of oxalacetate the enzyme system is easily satu- 
tated, since the optimum concentration of oxalacetate was 0.02 to 0.025 m 


‘Lehninger, A., private communication. 
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(Fig. 1). The activity of the enzyme was proportional to the enzyme con- | 
centration, up to 1.5 ml. of the enzyme preparation (Fig. 2). 
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Fia. 1. Effect of varying concentration of substrate on citrate formation. En- 
zyme preparation 1.6 ml., oxalacetate in indicated concentrations, fluoroacetate 0.01 
M, phosphate buffer 0.016 m, pH 7.50; total volume, 4.6 ml. 

Fig. 2. Effect of varying amounts of enzyme on citrate formation. Oxalacetate, 
0.02 m; same conditions as in Fig. 1. 
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Fig. 3. The effect of varying pH on citrate formation. Enzyme preparation 20) | 
ml., oxalacetate 0.02 m, fluoroacetate 0.02 m, phosphate buffers 0.04 m, pH determined 
at the end of the experimental period, time 55 minutes; total volume, 5.0 ml.; atmos 
phere, air. 


Optimum pH for Citrate Formation from Oxalacetate 


The effects of varying pH on citrate formation from oxalacetate are prt 
sented in Fig. 3. The pH optimum is definitely in the alkaline range, be | 





oe ee a 


. En 
ite 0.01 


cetate, 


ration 20 


etermined | 


1.; atmos 


e are pit 
‘ange, be 


G. KALNITSKY 1019 


tween pH 7.2 and 7.9, with the peak at pH 7.5 to 7.6. The pH values were 
determined at the end of the experimental period. The results are 
in agreement with the optimum pH values obtained by Breusch and Keskin 
(3) for citrate formation from oxalacetate plus acetoacetate, by the enzyme 
citrogenase, in pigeon muscle mash. 


Influence of Oxygen 


The effect of various gaseous atmospheres on citrate formation are pre- 
sented in Table II. Various investigators (4, 17) have reported that 
oxygen was necessary for citrate formation from oxalacetate plus aceto- 
acetate, whereas others (3, 6) have shown that the same reaction can take 


TaBLeE II 
Effect of Various Gaseous Atmospheres on Citrate Formation 





Citrate formed 








Gaseous atmosphere | 





ed 
Air | 18.5 
O: 17.5 
Nz | 8.4 


Tissue suspension 1.6 ml. per vessel; oxalacetate 0.02 m (100 um); fluoroacetate 
0.01 m, phosphate buffer, pH 7.50, 0.015 m; total volume 4.6 ml. 


place either aerobically or anaerobically. Hunter and Leloir (6) have in- 
dicated that, in the presence of excess oxalacetate (100 um) acting as an oxi- 
dant, citrate formation can also take place anaerobically. In our experi- 
ments, in the presence of 100 um of oxalacetate and with a less concentrated 
kidney cortex suspension than employed by Hunter and Leloir, 52 to 55 per 
cent less citrate was formed in an atmosphere of nitrogen than in oxygen 
or air (Table IT). 

The enzyme preparation is fairly stable, and retains all its activity after 


standing 1 hour at room temperature (approximately 28-30°) or 2 hours at 
0-2°. 


Effect of Inorganic Phosphate and Various Buffers on Citrate Formation 


In early experiments on the effects of various buffers on citrate formation, 
it was noted that phosphate buffer was most effective. With undialyzed ex- 
tracts, inorganic phosphate increased citrate formation somewhat (Table 
III). After dialysis of the extract for 15 or 20 minutes, citrate formation 
from oxalacetate was markedly increased on the addition of inorganic phos- 
phate. This effect of phosphate was not due to maintenance of the pH of 
the system, since the pH values determined at the end of the experimental 
period were not markedly different in the presence or absence of phosphate. 
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The pH in these experiments was maintained with bicarbonate-CO> buffer, 
Veronal and borate buffers, at 0.01 m concentrations (with inorganic phos- 
phate added), were somewhat inhibitory (Table III). At 0.04 m concentra- 
tions, these buffers were definitely inhibitory, the inhibitions obtained rang. 
ing from 40 to 65 per cent. Collidine buffer (2,4 ,6-trimethylpyridine) has 
been reported to be non-toxic for pyruvate oxidation by liver slices (18), 
The sample we used was toxic, 0.01 m concentration producing 60 per cent 
inhibition of citrate formation. 


TaBLeE III 


Effect of Inorganic Phosphate on Citrate Formation by Dialyzed Suspension of Rabbit 
Kidney Cortex 














Experi- Citrate | Per 
ment Conditions Buffer added | pH _ | formed |cent of 
No. | total 

uM a 
1 Undialyzed 7.84 | 10.5 
Phosphate | 7.80 | 14.8 
Dialyzed, 15 min. 8.10 | 4.0 
Phosphate 7.95 | 12.6 

2 Dialyzed, 20 min. 7.28| 5.7| 34 

Phosphate 7.21 | 16.8 | 10 

Veronal 7.25 | 3.4| 2 

Borate 7.35 | 4.3) 2% 

Veronal + phosphate 7.25 | 12.5) 7% 

oie. " (0.006 m) | 7.25} 6.1] 3 

Borate + ” 7.21 | 9.1) 5 

















Each vessel contained 2 ml. of tissue suspension; oxalacetate and fluoroacetate 


0.02 m, bicarbonate-saline solution 1.5 ml. in Experiment 1, 1.0 ml. in Experiment | 
2; all buffers, 0.01 m, except as indicated; atmosphere, 5 per cent CO, in Os; total | 
volume 5.0 ml.; pH determined after 55 minutes; CCl;-COOH then added and citrate | 


determined. 


Necessity of Mg** or Mn** for Citrate Formation 


The effects of similar dialysis periods upon the activity of different prep- 
arations varied widely. This variation was probably due to the different 
degrees of subdivision of the particles in the tissue suspensions, as a result 
of the wearing down of the homogenizers used. Some preparations wert 
largely inactivated after dialysis for 25 minutes, whereas other preparation 
were only slightly inactivated after 35 minutes dialysis but were completely 
inactivated after dialysis for 55 to 60 minutes. More consistent results 
were obtained by washing the preparation, instead of dialyzing it. With 
washed preparations, the necessity of Mgt+ or Mn** for citrate formatia 
could readily be demonstrated (Table IV). 
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Optimum Concentrations of Mg++, Mn++, and Inorganic Phosphate 


The effects of various concentrations of Mg++ and Mn** on citrate forma- 
tion are presented in Table V. The effectiveness of Mg++ and Mn++ addi- 
tions showed an increase up to a concentration of 6 to 8 X 10-* mM, beyond 
which further additions had no influence. Potter et al. (19) found that 3.3 


TaBie IV 
Effect of Mg** and Mn** on Citrate Formation 








Conditions Citrate formed 
pM 
WUPMIOMR 6 5.035 Sn Sec oe So eee ag Cle eae Ee eee 3.1 
” SE ee Tn, 30.9 
ss MOMs <n.s vans ccadeuwae emake 20.0 








Washed tissue preparation 1.5 ml.; oxalacetate and fluoroacetate 0.02 M, phos- 


phate buffer, pH 7.6, 0.03 m; MnSO, or MgSOQ,, 0.006 m; total volume 5 ml.; atmos- 
phere, air. 











TaBLe V 
Effect of Various Concentrations of Mn++ and Mg** on Citrate Formation 
Citrate formed 
Concentration of Mg** or Mn++ 
Plus Mn++ Plus Mg*+ 
mu pM uM 

1.5 4.8 
1]x"10-¢ 1.3 6.0 
5.x 10-4 5.3 
1 X 10°* 6.4 
3 X 10-3 6.8 12.8 
6 X 10-3 24.5 29.7 
8 xX 10° 23.8 33.7 
1X 1078 24.0 33.7 











Washed kidney suspension 1.5 ml.; fluoroacetate 0.02 m, phosphate buffer, pH 
7.6, 0.03 M; oxalacetate 0.02 m, Mg*t+ or Mn** in indicated concentrations; total 
volume 5.0 ml.; temperature 32°; atmosphere, air. 


X 10-*m MgCl, was the optimum concentration for oxalacetate oxidation. 
Approximately this same concentration, 6 X 10-* m inorganic phosphate, 
was also optimum for citrate formation (Table VI). 


Formation of Citrate by Various Fractions of Rabbit Kidney Cortex Cell 


The enzyme suspensions employed in this paper roughly resembled the 
mitochondria and microsome fractions described by Claude (9, 10), Hoge- 
boom ef al. (11), and Schneider (12), while the washed tissue suspension 
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corresponded with the mitochondria fraction described by these authors, 
Accordingly, purified preparations of a residual fraction (containing nuclei, 
whole cells, and débris), a mitochondrial fraction, and a microsome frae. 
tion were obtained by fractionating homogenates essentially as described 
by these workers (see ““Methods’’). Each fraction was then tested for 





TaBLe VI 
Effect of Various Concentrations of Phosphate on Citrate Formation 
Phosphate Citrate formed 
My pM 
5 X 10-* 2.6 
1X A607 1.8 
3 X 107° 5.1 
6 X 10-3 23.7 
8 X 10-8 23.6 
1 X 10°? 23.9 
1.5 X 10°? 26.9 





Washed kidney suspension 1.5 ml., fluoroacetate 0.02 m, phosphate in indicated 
concentrations, Mn** 0.006 m; NaHCO; 0.018 m, oxalacetate 0.02 m, total volume 
5.0 ml.; temperature 32°; atmosphere 95 per cent O:2, 5 per cent CO». 


Tasie VII 
Citrate Formation by Various Fractions of Homogenates of Rabbit Kidney Cortez 





Citrate 





Tissue fraction Suspension formal 

ml. uM 

Residue (nuclei, débris, unbroken cells)..................... 2.0 2.0 
ue " . cs sii Te ee ey rane | 2.0 2.2 

” se ci oy Oe Pepe nets 3.0 2.2 

- ee ay uy PE Pee i aie eirisla te atv ede ea 4.0 2.7 
I 5 rors ota alate fb ik SEED cain o Seda aeaieta aware 1.8 | 389.3 
enema gpa ind tated lense Gee Wiaioin los eohe oe hela se arwneracdmee wean elanee 2.0 45.0 
NIN CFI bie hob baldin oo OOO UUE TS oe IA Pade DEUTER 2.0 0.9 





Tissue suspensions of the various fractions in indicated amounts; oxalacetate 
0.02 m, fluoroacetate 0.02 m, phosphate buffer, pH 7.2, 0.03 m; MgCl, 0.01 m; total 
volume 5.0 ml.; temperature 30.1°; atmosphere, air. 








citrate formation. The results are presented in Table VII. Small 


amounts of citrate were formed by the residue fraction, very large amounts | 


of citrate by the mitochondria fraction, and little or no citrate was formed 
by the microsome fraction. It is evident from these data that the enzymes 
responsible for citrate formation from oxalacetate are almost entirely 


- 


jocated in the mitochondria fraction of the cells of rabbit kidney cortes | 
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The yield of 45 um of citrate from 100 um of oxalacetate by the mitochon- 
dria preparation represents a 90 per cent conversion of oxalacetate to cit- 
rate. 


DISCUSSION 


Citrate formation from oxalacetate is commonly accepted to occur via 
a combination of reactions (1) and (2) or reactions (1), (3), and (4): 


(1) Oxalacetate — pyruvate + CO, 

(2) Pyruvate + oxalacetate — procitrate — citrate + CO: 
(3) Pyruvate lO} 2-carbon compound + CO: 

(4) 2-Carbon compound + oxalacetate — procitrate — citrate 


Actually, there is no evidence for the occurrence of a 7-carbon precursor 
of citrate (reaction (2)). One possible 7-carbon intermediate, a-keto,4- 
hydroxy ,4-carboxyadipic acid, has been ruled out by Martius (5). On 
the other hand, there is evidence for the formation of a 2-carbon unit 
during the oxidation of pyruvate and of fatty acids, and of the participa- 
tion of this 2-carbon compound in the formation of citrate (20-23). 

If citrate were formed from oxalacetate by a union of oxalacetate with a 
2-carbon residue (reaction (4)), then the function of oxygen in citrate 
formation would be clearer. Oxygen would then be needed for the oxida- 
tive decarboxylation of pyruvate (reaction (3)). 

The question remains, however, as to the function of inorganic phos- 
phate in the formation of citrate. Inorganic phosphate is not necessary 
for the decarboxylation of oxalacetate to pyruvate (reaction (1)) (14, 
24-26). Several investigators (27-31) have demonstrated that inorganic 
phosphate is necessary for pyruvate oxidation. However, it has not been 
determined whether the inorganic phosphate is necessary in the oxidative 
conversion of pyruvate to the hypothetical 2-carbon intermediate, in the 
actual condensation reaction, or in a reaction further on down the reac- 
tion chain, for example, the oxidation of a-ketoglutarate to succinate 
(32). Stumpf et al. (33, 34) have described preparations obtained from 
pigeon breast muscle and bacteria which oxidize pyruvate to acetate. 
No inorganic phosphate is needed for that reaction. This enzyme sys- 
tem is apparently not present in preparations of rabbit kidney cortex 
which oxidize pyruvate by way of the citric acid cycle (35).2_ However, 
inorganic phosphate is necessary for acetate oxidation by a similar prep- 
aration of rabbit kidney cortex.? It will be difficult to determine whether 
inorganic phosphate is necessary for the oxidative conversion of pyruvate 
to an intermediate 2-carbon compound, or for the condensation reaction, 


* Kalnitsky, G., unpublished results. 
*Kalnitsky, G., and Elliott, W. B., to be published. 
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until the actual intermediate is isolated and the substrates for the con. | 145 
densation reaction determined. In any case, the necessity of inorganic | 16 
phosphate for citrate formation implies a phosphorylated precursor of | ™ 
citrate. This would probably be an unsymmetrical compound. Other 9 
investigators (36, 37) have previously suggested the occurrence of unsym- | y 
metrical precursors of citrate to account for the distribution of isotopes 2 
in the component members of the citric acid cycle during the oxidation 
of CD;-COOH by yeast (38), and of pyruvate + CO, by pigeon liver 
(36, 37). 





SUMMARY 


1. Pyruvate, acetoacetate, and acetate increased citrate formation 
from oxalacetate by extracts of homogenates of rabbit kidney cortex, | 
but the largest yields of citrate were obtained in the presence of oxalace- 
tate plus fluoroacetate. 3] 

2. Optimum concentrations of substrate and tissue were determined, 
The pH optimum is at 7.5 to 7.7. Air or oxygen is necessary for optimum 
formation of citrate from oxalacetate. 

3. Inorganic phosphate and Mg*+ or Mn** are necessary for citrate | 
formation from oxalacetate. The optimum concentrations of all these | 
ions were 6 X 10-* a. 

4. Homogenates of rabbit kidney cortex were separated by centrifu.  %. 
gation into a residual fraction (containing nuclei, débris, plus unbroken 
cells), a mitochondria fraction, and a microsome fraction. 

5. The enzyme system for the formation of citrate from oxalacetate 
is found almost entirely in the mitochondria fraction of the kidney tissue. 
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| DEGRADATION PRODUCTS OF STREPTAMINE: a,y-DIAMINO- 


8-HYDROXYGLUTARIC ACID* 


By HERBERT E. CARTER, Y. H. LOO,t anp JOHN W. ROTHROCK} 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana) 


(Received for publication, February 28, 1949) 


Streptamine, a degradation product of streptomycin, has been charac- 
terized as a meso-1 ,3-diamino-2 ,4,5,6-tetrahydroxycyclohexane (1-4), and 
this structure has been confirmed by synthesis (5). In a preliminary note 
(2) we reported the oxidation of N,N’-dibenzoylstreptamine to a,y- 
diamino-8-hydroxyglutaric acid. In this paper are reported the details 
of these experiments together with additional studies of the structure of the 
glutaric acid derivative. 

N,N’-Dibenzoylstreptamine (I) consumed 2 moles of periodate, yielding 
a crystalline oxidation product which gave a bis-2,4-dinitrophenylhy- 
drazone. In several runs the oxidation product melted at 130-131°. 


However, occasional samples melted at 143-145° or 163-165°. Each of 


these materials gave the same hydrazone. The analytical data on the 
oxidation product indicated a dibenzamidohydroxyglutaraldehyde plus 1 


| molecule of water. On acetylation a triacetyl rather than a monoacetyl 


derivative was obtained. These data are best explained by assigning a 
hydrated cyclic structure to the oxidation product, which then becomes a 
2,4,6-trihydroxy-3 ,5-dibenzamidotetrahydropyran (II). The cyclic struc- 
) ture is also supported by the fact that IT is relatively resistant to catalytic 
| reduction. The only homogeneous product isolated from the reaction 
| mixture appeared to be a dibenzamidopentose (IV), which would be formed 
_ by reduction of one of the aldehyde groups. The dialdehyde (II) was 
further characterized by oxidation with bromine water to an a,7y-dibenz- 
amido-8-hydroxyglutaric acid (III). This acid was obtained in good 
| yield. It melted sharply at 199-200° and gave a methyl ester melting at 
196-198°. No evidence was obtained for the presence of an isomeric 
acid, 
Since the glutaric acid (III) was a key compound in allocating the posi- 
tion of the amino groups in streptamine, several attempts were made to 


\ 


* The authors wish to express their appreciation to the Abbott Laboratories, Eli 
lilly and Company, Parke, Davis and Company, and The Upjohn Company for 
generous grants in support of this work. 
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synthesize it. The single stereoisomer which was obtained (6) differed 
in properties from the degradation product. In view of the fact that 


a ,y-diamino-6-hydroxyglutaric acid can exist in one racemic and two | 


meso forms, further synthetic efforts were postponed. Instead a study was 
made of the possible conversion of a,y-dibenzamido-8-hydroxyglutaric 
acid to a,y-dibenzamidoglutaric acid (V). 
-" OH 
| 


CH CH 


5 
C.H,;CONH—CH CH—NHCOC.H, = C:HiCONH—CH CH—NHCOCKH, 














HO—CH CH—OH 10. HO—CH CH—OH 
—_——_ 
CH 
| (ID 
OH 
(DD 
Br; 
; H, (Pt) H,0 
I | 
HO—CH——> CO.H 
C,H; CONH—CH CH—NHCOC,Hs 
HO—CH CH—OH 
C,H, CONH—CH CH—NHCOC,H; 
CH,O— CO.H 
(IV) (IIT) 


Attempts to dehydrate the dibenzamidohydroxyglutaric acid directly 
gave unsatisfactory results. However, pyrolysis of dimethyl « ,y-dibent 
amido-6-acetoxyglutarate proceeded smoothly with the evolution of acetit 
acid. The crude, glassy product! was reduced catalytically with platinum. 
The reduced material was not homogeneous, melting over a wide range. 


1 It seemed possible that elimination of acetic acid might yield either an a,6-w- 
saturated ester or an oxazoline. However, an authentic sample of the oxazoline 
(m.p. 160-161°) prepared in connection with other work did not undergo reduction 
with platinum. Furthermore, the infra-red absorption spectrum of the crude pyral- 
ysis product was consistent with the presence of an a,8-unsaturated ester. 
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By recrystallization from acetone-hexane a fraction was obtained which 
melted sharply at 178-179°. The mother liquors yielded a mixture melting 
at 133-155°. From this material individual rosettes could be removed with 
a spatula. These melted sharply at 150-151°. Both the rosettes and the 
mixture gave correct analytical data for dimethyl dibenzamidoglutarate. 
The behavior and properties of the two esters and of the mixture are identi- 
cal with those of the corresponding synthetic products described recently 
by Carter, Van Abeele, and Rothrock (7). Thus, the structure of the 
dibenzamidohydroxyglutaric acid obtained from streptamine has been 
established by conversion to a known synthetic substance. 


CO.H CO.H CO.H 
CH—NHCOC,Hs C—NHCOC.Hs CH—NHCOC,.Hs 
onan —p be — bn 
CH—NHCOC,.Hs CH—NHCOC,Hs Co eioman 
CO.H CO,H CO,H 

(III) (Vv) 


Since the degradation of N ,N’-dibenzoylstreptamine involved mild con- 
ditions and the a,y-diamino-§-hydroxyglutaric acid obtained appeared to 
be homogeneous, it seems unlikely that alteration in stereochemical con- 
figuration occurred in the degradation procedure. Therefore, determina- 
tion of the relationship of the hydroxyl and amino groups in the acid (III) 
should shed some light on the stereochemistry of the corresponding groups 
in the streptamine molecule. Asa method of attacking this problem, con- 
version to the corresponding trihydroxyglutaric acid with nitrous acid 
seemed promising, since several isomers of the latter substance were known 
as products of the oxidation of pentoses with nitric acid. In preliminary 
studies a,y-diamino-§-hydroxyglutaric acid gave theoretical nitrogen 
values in the Van Slyke amino nitrogen procedure. However, the deami- 
nation of a ,y-diamino-§-hydroxyglutaric acid with nitrous acid must have 
involved further reaction, since no trihydroxyglutaric acid derivative could 
be obtained from the final product. A study was also made of the deamina- 
tion of the two a,y-diaminoglutaric acids., The products were converted 
to the known dianilides and di-p-toluidides of the a,y-dihydroxyglutaric 
acids (8). The amino acid obtained from the lower melting dibenzamido- 
glutaric acid yielded largely meso-dihydroxyglutaric acid; that from the 
higher melting isomer yielded mainly racemic dihydroxyglutaric acid. 
However, in each case a small amount of the second isomer was produced. 
Evidently epimerization occurs in the nitrous acid reaction. Since the 
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extent cannot be estimated, this reaction is of little or no value in establish- 
ing the configuration of the a,y-diaminoglutaric acids. 


EXPERIMENTAL 


Preparation of N,N'-Dibenzoylstreptamine—A solution of 1.7 kilos of 
low potency streptomycin residues (213 units per mg.) in 4 liters of 10 per. 
cent sulfuric acid was refluxed with mechanical stirring for 3 hours. The 
black hydrolysate was diluted with 1 volume of acetone and placed in the 
refrigerator overnight. The brown precipitate which formed was filtered 
and washed thoroughly with small portions of cold water and 50 per cent 
methanol. The residue was dissolved in 5 liters of boiling 10 per cent 
sulfuric acid. The hot solution was decolorized with norit and filtered. 
The filtrate, neutralized with ammonium hydroxide, was diluted with 1 
volume of acetone and placed in the refrigerator overnight. The crystal- 
line product which separated was filtered and washed several times with 
small portions of cold water and acetone, giving 465 gm. of streptidine 
sulfate as fine white crystals. 

A solution of 400 gm. of streptidine sulfate in 2400 ml. of 6 N lithium 
hydroxide was refluxed until no more ammonia was evolved (40 hours). 
Bumping was prevented by mechanical stirring. The hot solution was 
filtered and the residue (mainly lithium carbonate) was washed thoroughly 
with hot water. The filtrate was concentrated to 1000 ml. in vacuo and 
adjusted to pH 3.4 with concentrated sulfuric acid. 4 volumes of methanol 
were added and the solution was stored in the refrigerator for 24 hours. 
The precipitate which formed was filtered and washed several times with 80 
per cent and 100 per cent methanol. Streptamine sulfate was obtained as 
fine white crystals. 

This crude material was converted to polybenzoylstreptamine by the 
Schotten-Baumann method. For this reaction the crude streptamine sul- 
fate was dissolved in 3 liters of 1 N sodium hydroxide and the solution 
was treated with 1200 ml. of benzoyl chloride and 4800 ml. of 5 N sodium 
hydroxide in about 30 equal portions at 5 to 8 minute intervals. The 
flask was thoroughly shaken and cooled in an ice bath. Ethy! ether was 
added during the reaction to prevent lump formation by maintaining a 
thick emulsion of the ingredients. The waxy solid produced was washed 
repeatedly with water and ether. 760 gm. of amorphous, white poly- 
benzoylstreptamine were recovered. 

A solution of this crude product in 10 liters of 0.5 N methanolic sodium 
hydroxide was refluxed for 4 hours. Insoluble salts were filtered from the 
hydrolysate, and the filtrate neutralized with concentrated hydrochloric 
acid to pH 6.9. Salts were again filtered off. The waxy solid obtained by 
concentrating the filtrate to dryness in vacuo was thoroughly triturated 
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with ether and water. The solution of this crude product in 600 ml. of 
boiling methanol was diluted with 5 volumes of hot water. N,N’-Di- 
benzoylstreptamine slowly separated as fine white rods. The yield was 
226 gm. This compound loses its crystalline form at 288-290° and melts 
with decomposition at 293-295°. The analytical sample was recrystallized 
from hot water and dried in vacuo at 100° for 2 hours. 


CooH2206Nz. Calculated. C 62.17, H 5.74, N 7.25 
386.40 Found. “* 62.21, ‘* 5.49, ‘* 7.31 (micro-Dumas) 
“0.00 (Van Slyke amino N) 


Periodate Oxidation of N ,N’-Dibenzoylstreptamine—38.6 gm. (0.1 mole) 
of N ,N’-dibenzoylstreptamine were dissolved by mechanical stirring in 
5000 ml. of 50 per cent methanol solution containing 64.2 gm. (0.3 mole) 
of sodium metaperiodate. The mixture was allowed to stand at room 
temperature until 2.0 + 0.1 moles of periodate per mole of sample had 
been consumed (12 to 15 hours). The excess periodate and iodate formed 
in the reaction were removed by precipitation with lead nitrate. The 
solution was concentrated to 2500 ml. and upon standing overnight at 
room temperature 31.0 gm. of 2,4,6-trihydroxy-3 ,5-dibenzamidotetrahy- 
dropyran (II) (83.5 per cent yield) separated as fine white needles. A 
second crop of 3.5 gm. (9.4 per cent) was obtained by further concentration. 
The dialdehyde after recrystallization from dry acetone melted at 130—-131°. 
The analytical sample was dried in vacuo over phosphorus pentoxide. 


CisH2oOgN2. Calculated. C 61.29, H 5.38, N 7.53 
372.37 Found. ** 61.36, ‘* 5.33, ** 7.43 


A mixture of 13 mg. of the dialdehyde II and 40 mg. of 2,4-dinitro- 
phenylhydrazine in 10 ml. of absolute ethanol was heated to the boiling 
point. Concentrated hydrochloric acid (0.2 ml.) was added, and the mix- 
ture was warmed in a hot water bath for a few minutes. On cooling, 
orange needles crystallized from the solution. The crystals were washed 
free of acid and of the reagent with absolute ethanol. A yield of 20 mg. 


of the bis-2,4-dinitrophenylhydrazone of II melting at 231-232° was 
obtained. 


Cs:HeeN 10011. Calculated. C 52.10, H 3.64, N 19.60 
714.60 Found. “« 52.16, “ 3.96, “ 19.79 


A mixture of 116 mg. of the dialdehyde II, 2 ml. of pyridine, and 2 ml. of 
acetic anhydride was allowed to stand at room temperature overnight. 
The solution was chilled and diluted with water; the resulting yellow 
precipitate was dissolved in acetone and the solution was decolorized with 
norit A. The colorless solution was concentrated and water was added to 
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precipitate a white solid. Repeated recrystallization of this material from 
acetone-water gave needles, melting at 217°. 


CosHoeN20¢. Calculated. C 60.24, H 5.26, N 5.62 
498.48 Found. “00.00, ** Daas 0.10 


Hydrogenation of the dialdehyde II in methanol with Raney’s nickel 
catalyst at room temperature and 30 to 35 pounds pressure for 18 hours 
reduced only one of the carbonyl groups. The catalyst was filtered off and 
the alcohol solution was concentrated, giving a crystalline solid. Dilution 
of the mother liquor with water produced a mixture of products. Repeated 
recrystallization from hot methanol gave a 20 per cent yield of homogeneous 
crystalline solid, consisting of shiny plates which melted at 230-231°, 
This material gave the correct analytical data for 2,4-dihydroxy-3,65- 
dibenzamidotetrahydropyran. 


CisH2oN20s. Calculated. C 64.04, H 5.62, N 7.86 
356.37 Found. “* O8.10, “ De, °° ist 


Preparation of a,7-Dibenzamido-B-hydroxyglutaric Acid (III)—A sus- 
pension of 16.0 gm. of the dialdehyde II and 30 ml. of bromine in 8000 ml. 
of water was stirred mechanically until a clear red solution resulted (15 to 20 
minutes). Oxidation was allowed to continue at room temperature for 80 
hours. Excess bromine was removed by aeration. An excess of calcium 
carbonate was added and the solution was heated to boiling and filtered. 
The filtrate was concentrated to about 100 ml. and 9 volumes of ethanol 
were added, precipitating 17 gm. of the calcium salt of a, y-dibenzamido-8- 
hydroxyglutaric acid. This material was suspended in 2 liters of boiling 
water and 11.5 gm. of oxalic acid dihydrate (100 per cent excess) were added. 
The precipitated calcium oxalate was removed by filtration, and the filtrate 
was concentrated to 900 ml. and 2 ml. of concentrated hydrochloric acid 
were added. The mixture was chilled overnight in the refrigerator, giving 
6.0 gm. (36 per cent yield) of a,y-dibenzamido-8-hydroxyglutaric acid as 
small, silky white needles melting at 199-200° (micro block). The filtrate 
was concentrated and cooled in the refrigerator overnight, giving a second 
crop of 4.4 gm. (26 per cent). The acid was recrystallized twice from hot 
water. The analytical sample was dried over phosphorus pentoxide in 
vacuo at room temperature for 24 hours and at 78° for 2 hours. 


CisHis0;Nz2. Calculated. C 59.07, H 4.70, N 7.25, neutral equivalent 193 
386.35 Found. $¢'BS. (0, °** 4.69, “* 7.08, x = 192 


Preparation of Dimethyl «,y-Dibenzamido-B-acetoxyglutarate—5.0 gm. d 
a,7-dibenzamido-$-hydroxyglutaric acid were converted to the dimethyl 
ester in the usual manner with use of an ethereal solution of diazomethane. 
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The white solid obtained after removal of the ether was dissolved in 250 
ml. of boiling acetone. The solution was filtered and hot heptane (b.p. 
98-110°) was added until the solution was slightly turbid (75 to 100 ml.). 
After standing at room temperature for several hours a solid mass of white 
rods crystallized. The first crop weighed 4.6 gm. (86 per cent yield) and 
melted at 194-196°. A second crop of 0.4 gm. (7 per cent) was obtained 
by reworking the mother liquor. By recrystallization the melting point 
of the material was raised to 196-198° (micro block). A mixed melting 
point (1:1) with starting material was 178-180° (micro block). 

2.0 gm. (4.83 mm) of the dimethyl ester were dissolved in 15 ml. of dry 
pyridine and 1.4 ml. (14.8 mm) of acetic anhydride were added. The 
solution, which became reddish brown within a few minutes, was allowed 
to stand at room temperature overnight. It was concentrated to dryness 
and traces of the solvents removed by evacuating several hours in a desic- 
cator. The brown crystalline solid was dissolved in 40 ml. of hot benzene, 
the solution was filtered through a pad of Darco G-60, and 30 ml. of hot 
hexane (b.p. 60-68°) were added. After standing at room temperature 
for a few hours and in the refrigerator overnight, the solution deposited a 
solid mass of light tan rods, melting at 160-161°. A second reerystalliza- 
tion was carried out in exactly the same manner, giving 2.11 gm. (96 per 
cent yield) of rosettes of white rods (m.p. 162-162.5°, micro block). The 


analytical sample was dried for 4 hours at 78° over phosphorus pentoxide 
in vacuo. 


CaHxOsN2. Calculated. C 60.52, H 5.30, N 6.14 
456.14 Found. “* 60.71, ** 5.15, ** 6.4 


Conversion of Dimethyl a,y-Dibenzamido-8-acetoxyglutarate to Dimethyl 
a,y-Dibenzamidoglutarate. Preparation A—2.0 gm. of the B-acetoxy ester 
were heated in a round bottom flask at 170—190° until the evolution of 
acetic acid ceased (about 15 minutes). The brown-yellow glass obtained 
was taken up in 50 ml. of ethanol and reduced in the presence of platinum 
oxide catalyst at room temperature for 3 hours at 45 pounds of hydrogen 
pressure. The pale yellow syrup obtained after removal of the platinum 
by filtration and the ethanol by concentration was hydrolyzed under 
reflux with 100 ml. of 6 N hydrochloric acid for 5.5 hours. The red-brown 
solution was taken to dryness and traces of hydrochloric acid removed in a 
vacuum desiccator by means of potassium hydroxide pellets. To the 
chocolate-brown salt were added 6 ml. of 2 n sodium hydroxide and 10 ml. 
of water. After filtration through a pad of Darco G-60, the solution, which 
was a pale orange-yellow color, was benzoylated by the Schotten-Baumann 
method with 2 ml. of benzoyl chloride and 20 ml. of 2 n sodium hydroxide 
in eight equal portions at 2 minute intervals. Upon the addition of con- 
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centrated hydrochloric acid, with cooling, to a pH of 2.0, only benzoic acid 
precipitated. It was removed by filtration. The filtrate was acidified 
further, concentrated, and allowed to stand overnight in the refrigerator, 
when a light brown solid separated. Benzoic acid was removed by repeated 
extractions with hot hexane, leaving 640 mg. of a tan solid. ‘Treatment 
with Darco G-60 and recrystallization from hot water yielded 300 mg. (19 


per cent) of a,y-dibenzamidoglutaric acid melting at 202-205° (micro | 


block). A second crop of 110 mg. (7 per cent) was obtained from the 
mother liquors. An analytical sample of this material was prepared by 
recrystallization from hot water. It was dried at 78° for 6 hours in vacuo 
over phosphorus pentoxide. 


CisHisOcNo. Calculated. C 61.61, H 4.90, N 7.57 
370.35 Found. ** 61.81, “ 4.96, “‘ 7.62 


300 mg. of the acid were converted to the dimethyl ester by treatment in 
the usual manner with an ethereal solution of diazomethane. ‘The white 
crystalline product obtained melted at 130-165° (micro block), but re. 
peated recrystallizations succeeded in removing the low melting ester. 
210 mg. (12 per cent yield) of fine, silky white rods were obtained which 


melted at 178-179° (micro block) and gave no depression when mixed witha | 
synthetic sample of the high melting dimethyl a,y-dibenzamidoglutarate | 
(7). An analytical sample was prepared and dried in vacuo over phos- | 


phorus pentoxide for 5 hours at 78°. 


CuH2OsN2. Calculated. C 63.30, H 5.57, N 7.03 
398.41 Found. * 60.00, O.G0, ~ T.20 


Preparation B—500 mg. of 8-acetoxy ester were heated in a round bottom | 
flask at 170-190° for 30 minutes. The orange-brown glass was reduced in | 
the presence of platinum oxide catalyst at 45 pounds of hydrogen pressure | 


at room temperature for 3 hours. Platinum was removed by filtration 
and the ethanol by concentration. The glass obtained was crystallized 
from 10 ml. of hot acetone by adding 40 ml. of hot hexane (b.p. 60-68"), 
100 mg. of white silky rods, melting at 155-173° (micro block), were ob 
tained, which after several recrystallizations melted at 178-179° (micro 
block). This product was identical in every way with the synthetic ester 

The filtrate was reworked with use of a combination of hot acetone and 
hot hexane as solvents. 50 mg. of starting material were obtained as wel 
as 150 mg. of a mixture of the high and low melting esters which melted ai 
130-155° (micro block). The mixture was fractionally crystallized, but the 
low melting ester was not obtained pure. However, individual rosettes 


of this ester melting at 150.5-152° (micro block) were separated mechaii- | 


cally. When mixed with a synthetic sample of low melting dimethy! 
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a,y-dibenzamidoglutarate, these crystals gave no depression of the melting 
point. A sample of the mixture melting at 133-155° gave correct analytical 
data for dimethyl a ,y-dibenzamidoglutarate. 


Co:H2OsN2. Calculated. C 63.30, H 5.57, N 7.03 
398.41 Found. ** 63.30, ‘* 5.68, ‘* 7.10 


SUMMARY 


N,N’-Dibenzoylstreptamine is oxidized by periodate to 2,4,6-trihy- 
droxy-3 ,5-dibenzamidotetrahydropyran and the latter is oxidized to a,y- 
dibenzamido-8-hydroxyglutaric acid by bromine water. The structure of 
the dibenzamidohydroxyglutaric acid has been confirmed by conversion to 
the known a,7-dibenzamidoglutaric acid. 
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THE METABOLISM OF DIHYDROXYPHENYLALANINE 
BY GUINEA PIG KIDNEY EXTRACTS 


By ROBERT E. CLEGG* anp ROBERT RIDGELY SEALOCK 
(From the Department of Chemistry, Iowa State College, Ames) 


(Received for publication, February 28, 1949) 


Ascorbic acid has been shown to be necessary not only for the metabo- 
lism of phenylalanine and tyrosine but also of 3 ,4-dihydroxyphenylalanine. 
In the latter connection it has been found that normal guinea pig kidney 
slices readily oxidize dihydroxyphenylalanine (1), whereas kidney slices 
from scorbutic animals are almost completely unable to metabolize this 
amino acid. With the addition of the crystalline vitamin to the deficient 
slices, dihydroxyphenylalanine oxidation proceeds normally as shown by 
oxygen consumption and carbon dioxide production. 

The difficulty of determining with intact tissue slices the mechanism 
whereby ascorbic acid produces its effect is obvious. The problem, how- 
ever, should prove somewhat simpler with cell-free extracts of kidney which 
would permit fractionation or other manipulations common to enzyme 
characterization. In this characterization, one may rely upon measure- 
ment of gaseous exchange only, as was done previously with kidney slices, 
but with the possibility that the metabolic reactions produced by kidney 
enzymes may be more complex, a more complete analysis should afford 
additional information relative to the entire system. With this possi- 
bility in mind, dihydroxyphenylalanine has been incubated with cell-free 
extracts of guinea pig kidney and the reaction followed by manometric 
measurements and colorimetric analysis, the latter by the very excellent 
Amow method (2). Use of this nitrous acid-molybdate reagent, which 
measures the catechol value, has led to the finding that the o-dihydroxy- 
phenyl portion of the amino acid is involved in the reactions catalyzed by 
kidney extracts. With these methods a comparison of normal and vita- 
min C-deficient extracts, an analysis of the over-all reaction, and a char- 
acterization of the enzymes involved have been made as described in this 
communication. 


EXPERIMENTAL 


Guinea pigs of 300 to 500 gm. were maintained on Purina rabbit chow 
checkers (complete ration) plus an adequate supply of mixed green food. 
Those animals used in the investigation of the effect of vitamin C deple- 
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tion were fed a basal diet of ground and aerated Purina rabbit chow, and 
half of them received in addition 20 mg. of crystalline ascorbic acid daily, 
These animals also received 0.9 gm. of Squibb’s brewers’ yeast every third 
day and 1 ml. of cod liver oil weekly. 

The enzyme extracts were prepared as follows. The non-fasted animals 
were stunned by a blow on the occiput and bled by severing the jugular 
veins. The kidneys were then removed, cleaned, weighed, and placed jp 
an ice-cooled, micro Waring blendor jar with enough cold 0.1 m phosphate 
(sodium and potassium) buffer to cover the blendor knives and thus pre. 
vent excessive splashing. Homogenization was continued, with occasional 
cooling in the ice bath, until the preparation was essentially homogeneous, 
and cell-free. The mixture was then centrifuged at 2500 r.p.m. for 5 
minutes. The supernatant was removed and the residue reextracted one 
to three times with the buffer. The combined supernatants were then 
diluted so that aliquots represented definite quantities of original kidney 


desired value. 


followed by means of the usual manometric procedure. 1 ml. of the ex. 
tract and 1 mg. of substrate in a final volume of 2 ml. were employed. After 
an incubation period of 3 hours, the contents of each vessel were quanti- 
tatively transferred with washing into 1 ml. of 10 per cent (1.25 m) meta- 
phosphoric acid contained in a 15 ml. graduated centrifuge tube and the 
volume adjusted to 10 ml. with distilled water. The contents were thor- 
oughly mixed, allowed to stand for } hour, and then the protein precipitate 
removed by centrifugation. In order to determine the amount of sub- 
strate which had been metabolized the centrifugate was analyzed by means 
of the Arnow colorimetric method for dihydroxyphenylalanine. Readings 
were made with the Klett-Summerson photoelectric colorimeter equipped 
with Filter 420. Since the o-dihydroxyphenyl compounds are determined 
by this method, the values obtained have been designated as ‘‘catechol’ 
values. In each series of determinations appropriate tissue controls have 
been included. In order to relate oxygen consumption to the reduction 
of the catechol value, excess oxygen to substrate ratios have been caleu- 
lated. In the first place, the oxygen in atoms per mole of amino acid 
initially present (O:D,) has been calculated. Likewise the ratio of the 
oxygen consumed to the reduction in catechol value (O:D,) has been de 
termined. 

By using these methods a comparison of extracts from normal and scot 
butic guinea pigs has been made. In marked contrast to the results ob 
tained with surviving kidney slices (whole cell jreparations) (1) norms 
and scorbutic kidney extracts exhibit no significant difference in oxyge 
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i | consumption in the presence of dihydroxyphenylalanine. For example, 
, with five preparations from normal guinea pigs the average excess oxygen 
; | was 73.1 ul. as compared to 71.3 ul. for five preparations from scorbutic 

animals, as may be seen in Table I. That the similarity in oxidation is 
ls | real is confirmed by the values for reduction of catechol content, which 
| are 84.5 and 81.8 per cent, respectively. In turn the similarity is shown 
n | by the average oxygen to substrate ratios presented in Table I. In order 
» ) to confirm the finding that ascorbic acid is not a limiting constituent in 
. the deficient extracts, crystalline vitamin was added to additional control 
a} | and experimental flasks. As shown in Columns 4 and 5 of Table I, the 


5 TABLE I 
ne Dihydroxyphenylalanine Oxidation by Normal and Scorbutic Guinea Pig Kidney 
» } Extracts 
ey The values shown are the results of 3 hour incubations at pH 7.4 and at 37.5° 


h with 1 ml. of 10 per cent extract and 1 mg. of substrate in 2 ml. of reaction volume. 
“¢ | The values in Columns 2 and 3 are the average values obtained with five guinea 
pigs, while those in Columns 4 and 5 were obtained with three guinea pigs. 

- . weer eset 212 


| | 
Normal Scorbutic Scorbutic Scorbutic + 
ascorbic acid 
(1) (2) 











| 

| | 

| 

| —— 

Basal oxygen, wl. | 31.1 + 1.9 | 28.6 + 2.4 | 29.6 + 3.0 | 33.1 + 2.4 

ta- | Excess “ “ 173.1 +3.9 | 71.8 + 5.0 a + 4.0 | 68.7 + 4.7 
the | Reduction of cate- | 84.5 + 3.40| 81.8 £1.9 | 79.8 +0.3 | 78.8 41.5 
or- | chol value, % | | 
ate | 0:Dy" | 1.28 + 0.06 | 1.22 + 0.09 | 1.24 + 0.07 | 1.21 + 0.14 
ih | (De | 1.56 + 0.03 | 1.56 + 0.08 | 1.55 + 0.09 | 1.54 + 0.17 
ats } *See explanation in the text. 
ngs 
pel | addition of the vitamin did not alter the final values. The excess oxygen, 
ned | 


the results of the colorimetric analyses, and the ratios are for all practical 
ol” | purposes identical. 
ave Even though the scorbutic animals at the time of sacrificing exhibited 
tion } the classical symptoms of scurvy, it is well known that an animal dying 
Jeu. | of vitamin C deficiency still contains appreciable quantities of the vitamin 
atid | in the tissues. A more rigorous test would be possible if there were some 
the | means of causing a more complete depletion of the kidney ascorbic acid. 
de | Innumerous instances, we have observed that the feeding of extra tyrosine 
| Causes a more severe depletion. Therefore, two additional guinea pigs were 
scot ) fed the deficient diet supplemented with 10 per cent tyrosine. On the 8th 
30 | and 10th days, respectively, these animals showing severe scurvy were 
rma! } sacrificed. The resulting extracts again were found to metabolize dihy- 
ygen droxyphenylalanine as well as normal extracts. As may be seen from Table 


—_ 
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II three different concentrations behaved entirely like the corresponding 
concentrations of the non-deficient extract. Both gasometric and colori- 
metric analyses show the same picture. 

As a consequence of these results, it must be concluded that a state of 
scurvy in the guinea pig makes no difference in the ability of the subse. 
quent cell-free extract, prepared by the method described, to metabolize 
the amino acid. In order to analyze this unexpected difference between 
extract and slice (1) and determine why the two should behave differ. 


TABLE II 
Dihydroryphenylalanine Oxidation by Extracts from Normal Guinea Pigs and 
Extracts from Guinea Pigs Fed Extra Tyrosine 
The incubations were carried out as described in Table I except that the pH 
was 6.8. 





Oxygen consumption 
Extract concentration -| 


Basal | Excess | 


Catechol compound 
disappearance 











Guinea pigs fed 10% tyrosine 

















per cent ul. pl. oo cent 
2.5 12.8 24.6 36.0 
5.0 17.0 49.5 57.4 
10.0 31.5 60.8 74.0 
10.0 23.9 56.9 73.4 
Normal guinea pigs 
2.5 | 1 27.1 31.1 
5.0 17.4 54.1 7 
10.0 25.8 58.4 71.6 














ently with respect to vitamin C deficiency, it was first necessary to analyz 
and characterize the enzyme reactions and components involved. 

At this point it should be recalled that kidney extracts and in particular 
extracts made from guinea pig kidneys have for some time been known to 
metabolize dihydroxyphenylalanine. Originally, it was shown by Holts 
in 1938 (8) that the amino acid is decarboxylated and the resulting amine, 
hydroxytyramine, is readily oxidized by the well known amine oxidase, 
Subsequent papers by Holtz and associates (4) and by Blaschko and his 


coworkers (5, 6) have contributed significantly to an understanding of the | 


reactions in question. The extracts used in our own study are quite sim: 
lar to those employed by the above authors but it remains necessary 
show that the systems are the same. Further, it must be determined 


whether or not the reduction of ‘“‘catechol’’ value described above but no | 
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previously reported follows decarboxylation and amine oxidation in se- 
quence or whether it is an unrelated reaction. 

» With this purpose in mind numerous experiments with dihydroxy- 
phenylalanine and also hydroxytyramine as substrates have been carried 
out. The results obtained demonstrated that the extracts employed in 
this study decarboxylate the amino acid and oxidize the resulting amine in 
the same fashion as was described by Holtz and Blaschko. For example, 
with the amino acid as the substrate and under anaerobic conditions, 
carbon dioxide evolution was very rapid and for all practical purposes 
complete within the first half hour. On the other hand, repetition of the 
same experiment aerobically demonstrated that oxygen wasconsumed more 
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Fie. 1. Oxygen consumption with hydroxytyramine or dihydroxyphenylalanine. 
With each substrate 5.08 um in 2 ml. of total reaction volume at pH 6.8 were used 
and 1 ml. of 10 per cent kidney extract was included. 


slowly, the uptake being complete in approximately 3 hours. In the 
latter experiments, carbon dioxide production, measured at the end of the 
incubation, was found to be approximately that expected from the other 
results. The anaerobic carbon dioxide production, as well as the difference 
in rate of carbon dioxide production and oxygen consumption, almost con- 
clusively proves that oxygen consumption follows decarboxylation of the 
aminoacid. Added evidence is available in the fact that with hydroxytyra- 
mine as the substrate the total oxygen consumed and the rate of uptake 
are essentially the same as those obtained with the amino acid, as is illus- 
trated in Fig. 1. 

By employing cyanide which inhibits the decarboxylase but not the 
amino oxidase (4, 6), it has been found that oxygen consumption is strongly 
inhibited (53 to 84 per cent by 0.00046 m cyanide) when the amino acid 
was the substrate. On the other hand, with hydroxytyramine insignificant 











1042 DIHYDROXYPHENYLALANINE METABOLISM 


inhibition of oxygen consumption was observed. An entirely similar pic- 
ture was obtained when semicarbazide or cysteine was employed as the 
inhibitor. Consequently, the above conclusion relative to the sequence 
of reactions is confirmed. 

The additional fact, already shown in Table I, that during incubation 
the dihydroxyphenyl group has disappeared as measured by the catechol 
value, raises the question as to whether this is also a result of oxidation by 
the oxygen consumed or the result of some other reaction. The total extra 
oxygen in numerous experiments has been sufficient to give ratios of 1.2 
to 1.4 atoms per mole of substrate found to disappear. This amount of 
oxygen is only a little more than would be required for the oxidation of 
the dihydroxy group to the quinone. If the assumption that | atom of 
oxygen is used for this purpose is correct, then it would appear that in- 


TABLE III 
Oxygen Consumption, Dihydroxyphenyl Disappearance, and Ammonia Formation 
l l - * 





Oxygen consumption 











Catechol | 

Ammonia formation | compound — aaa Pound 
disappearance | Calculated Found z se — 
| | Calculated 

uM uM microatoms | microatoms ber cent 

6.78 7.63 14.41 | 9.96 69.0 

7.42 7.63 15.05 | 9.68 64.3 

7.42 7.63 15.05 9.78 64.8 

7.28 | 7.63 | 14.91 9.81 65.7 

Average 7.22 | 7.63 = aoe 


9.81 | 65.9 





sufficient oxygen would be left to account for amine oxidation. ‘Therefore, 
it was important to determine the amount of ammonia formed during the 
reaction and to relate it to oxygen consumption and reduction of catechol 
value. The excess ammonia production in a typical experiment was found 
to be 7.22 um and the reduction of catechol value 7.63 um. If we assume 
1 atom of oxygen for each reaction, then 14.85 microatoms would be theo- 
retically needed. However, as may be seen in Table III, only 9.81 um or 
65.9 per cent of this amount was actually taken up. However, the réle of 
oxygen in amine oxidation has been well established (4, 5), and since sul- 
ficient oxygen was not consumed to account for both amine oxidation and 
the reduction of catechol value, it is reasonable to assume that the dis- 
appearance of the dihydroxyphenyl group is not the result of a direct re 
action involving atmospheric oxygen. 

This conclusion is also supported by the results obtained by the use of 
selected enzyme inhibitors. Of the many inhibitors used in an attempt 
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to obtain evidence which would throw light on the relationship of the oxy- 
gen consumption to the reduction of the catechol value, cyanide and semi- 
carbazide were the most informative. Since these substances inhibit the 
dihydroxyphenylalanine decarboxylase reaction, hydroxytyramine was also 
used as the substrate. In the case of cyanide the results appearing in 
Table IV demonstrated a marked inhibition of the 3,4-dihydroxyphenyl 
disappearance (69 per cent) in the presence of a very slight inhibition of 
the oxygen consumption (27.7 per cent). In the same manner 0.005 m 
semicarbazide inhibited the dihydroxyphenyl disappearance to the ex- 
tent of 60.2 per cent, whereas the oxygen consumption was inhibited but 
12 per cent. 


Tasie IV 
Inhibition of Dihydroxyphenylalanine and Tyramine Metabolism 


Incubation conditions were as previously described. In the case of cyanide addi- 
tion, the correct concentration was maintained in the main compartment by addi- 




















Inhibition of 
Inhibitor —— | Substrate | Catechol 
a compound 
Pton | disappearance 

] | mote per “Tt _ aati, per cent | per cent 
Cyanide | 0.00046 Hydroxytyramine | 27.7 | 69.6 
| 0.00046 | Dihydroxyphenylalanine | §3.3 | 72.0 
Semicarbazide | 0.005 | Hydroxytyramine | 12.0 | 60.2 
| 0.05 | ™ | 32.3 | 60.2 

0.05 Dihydroxyphenylalanine | 80.7 81.2 








For comparison Table IV also contains the results of experiments on 
cyanide and semicarbazide inhibition in which dihydroxyphenylalanine 
was the substrate. Although the inhibition of the dihydroxyphenyl group 
reaction was about the same as when hydroxytyramine was used, the in- 
hibition of the oxygen consumption was greatly increased. When the 
amino acid was the substrate, the reduced disappearance of catechol value 
may be interpreted as a result of inhibition of decarboxylation. As a con- 
sequence, the later reactions in the chain did not occur. With hydroxy- 
tyramine as the substrate, inhibition of decarboxylation is not involved. 
Nevertheless, strong inhibition of catechol disappearance occurred even 
though only slight inhibition of oxygen uptake was observed. This dis- 
crepancy in amount of inhibition would not have occurred if the oxygen 
were being used in the o-dihydroxy reaction. 

The production of hydrogen peroxide in the amine oxidase reaction is 
Well established and many investigators have shown that when this hydro- 
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gen peroxide is used to oxidize any easily oxidizable substances in the re. 
action mixture a total of 2 atoms of oxygen is consumed. Since this tota] 
of 2 atoms was not realized in the case under discussion, it may be con- 
cluded that the hydrogen peroxide or the oxygen produced by its decom. 
position was not responsible for the reduction in catechol value. This was 
confirmed, however, by carrying out the reaction under conditions in 
which hydrogen peroxide in excess of that produced by the action of the 
amine oxidase on hydroxytyramine was present during the reaction. This 
was achieved by carrying out the enzymatic reaction in the presence of 
tyramine, which, like hydroxytyramine, is a substrate for the amine oxi- 
dase and also produces hydrogen peroxide. It may be seen from the re 
sults recorded in Table V that the presence of the second substrate resulted 
in a doubling of the oxygen uptake. In spite of the resultant increased 


TABLE V 
Effect of Simultaneous Tyramine Oxidation (Hydrogen Peroxide Production) on Di- 
hydrozyphenylalanine Metabolism 
The incubations were carried out at pH 6.8 and at 37.5° with 10 per cent kidney 
extracts. 5.08 um of amino acid and 10.16 um of tyramine were used as substrates as 
indicated. 














Substrate Emoencegyes | Cotechel ema 
pl. uM 
Dihydroxyphenylalanine......................04.- 55.3 3.87 
ws and tyramine............ 114.5 3.30 





production of hydrogen peroxide there was no increase in the disappear 
ance of the catechol nucleus. 

Since from the results of colorimetric analysis it was evident that ar 
duction of the catechol value did occur, the question of the fate of the 
aromatic nucleus of the amino acid was an important consideration. With 
this question in mind the absorption spectra of the metaphosphoric acid 
centrifugates were determined in order to confirm the above evidence and 
to determine, if possible, the properties of the end-products of the 
actions. For this purpose a Beckman spectrophotometer was used, & 
minimum slit width being used at all times in order to obtain maximum 
resolution. The data obtained are illustrated in Figs. 2 and 3, in which 
optical density is plotted against wave-length. Dihydroxyphenylalanine 
(Curve I) and catechol (Curve II) exhibit maxima at approximately 2800 
and 2750 A. After incubation, the amino acid maximum (corrected fot 
tissue background) at 2800 A has disappeared and a new maximum is ev 
dent at approximately 2550 to 2600 A (Curve IV of Fig. 3). Another less 
pronounced maximum at 3150 A has also appeared. 
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In an attempt to separate the substance responsible for this new maxi- 
mum from the metaphosphoric acid filtrates, buty] alcohol was used as an 
extracting agent. The butyl alcohol was then removed by vacuum distil- 
lation under carbon dioxide and the residue dissolved in 0.1 N hydrochloric 
acid. The ultraviolet absorption spectrum of this extract is represented 
in Fig. 3. The similarity of this curve with that produced by the unfrac- 
tionated incubated extract (Curve IV) is at once apparent even though the 
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Fig. 2. Ultraviolet absorption spectra of dihydroxyphenylalanine, Curve I, 
(0.005 m) and catechol, Curve II, (0.004 m) in 0.1 N hydrochloric acid. 1 cm. cells 
were used; D = log (Jh/I). 

Fig. 3. Ultraviolet absorption spectra of dihydroxyphenylalanine and the enzyme 
reaction product. Curve III represents 1 ml. of 0.0025 m amino acid in 0.125 nN 
metaphosphoric acid diluted to 10 ml. with 0.1 Nn hydrochloric acid. Curve IV 
represents the reaction product from 5.08 um of amino acid contained in 0.125 N 
metaphosphoric acid and diluted 10-fold with 0.1 Nn hydrochloric acid. Curve V 
represents the butyl! alcohol-soluble material redissolved in 0.1 nN hydrochloric acid, 
each ml. containing the amount derived from 0.0258 um of original substrate. With 


each curve, the density plotted is the total density minus that due to the tissue 
constituents. 


concentration of the new compound is less. These results are entirely in- 
dicative of the elimination or extensive modification of the 3 ,4-dihydroxy- 
phenyl portion of the amino acid. They support the data obtained with 
the Arnow analytical procedure and also furnish strong evidence for the 
production of a new compound with a characteristic absorption spectrum, 
in the enzymatic reaction. 

Mason (7) followed the oxidation of dihydroxyphenylalanine by “mam- 
malian dopa oxidase” by the change in the ultraviolet absorption spectrum 
of the reaction mixture, and although he obtained a maximum at 3050 to 
8100 A, he did not observe a point of maximum absorption at 2550 to 
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may have resulted from miscellaneous oxidation of the “dopa oxidase” 
type, but in any case the maximum at 2550 to 2600 A is not comparable 
with the results obtained in Mason’s investigation. Therefore, it may be 
concluded that the product of the metabolism of dihydroxyphenylalanine 
by guinea pig kidney extracts is not similar to that obtained in the “dopa 
oxidase’”’ reaction. 

Conjugation of phenol and catechol type compounds is a well known 
detoxication mechanism and recently DeMeio et al. (8) and Bernheim and 
Bernheim (9) have demonstrated conjugation of phenols by employing 
the slice technique. Therefore, the metaphosphoric acid filtrates were 
tested for the presence of conjugates. The method of acid hydrolysis usu- 
ally employed to hydrolyze catechol conjugates was followed by means of 
the Arnow analytical procedure. In no case was there encountered any 
increase of total catechol value, from which it may be concluded that con- 
jugation of the o-dihydroxypheny! group is not involved in the series of 
reactions under investigation. 


DISCUSSION 


Results described above show that extracts of kidneys from scorbutie 
and normal guinea pigs oxidize dihydroxyphenylalanine equally well. This 
finding is in direct contrast to that obtained with surviving kidney slices, 
for slices removed from a scorbutic animal are unable to oxidize this amino 
acid (1). The primary difference in the two cases is that of intact cellular 
structure which in itself furnishes no real explanation. Nor is an explana 
tion immediately apparent in certain minor points of difference. For ex- 
ample, a relatively greater weight of tissue was present when extracts 
were employed, as is usually the case when one proceeds from slice to ex- 
tract technique. This fact does mean that a proportionately greater 
quantity of ascorbic acid is present in the latter case, for it is well know 
that a guinea pig dies of scurvy before the tissues are depleted of the vite 
min. Consequently, ascorbic acid may have been a limiting factor in the 
former study. At least, the addition of the crystalline vitamin caused the 
deficient slices to regain their ability to oxidize the amino acid. In the 
present study a similar addition was without influence. Likewise, at 
tempts to decrease the ascorbic acid content of the extracts were without 
effect. This difference between cellular and cell-free preparations, there 
fore, indicates that the réle of ascorbic acid in the oxidation of this ate 
matic amino acid is highly complex and its elucidation must await further 
experimentation. 

In characterizing the enzymatic system present in the extracts employed 
it has been shown that two well known reactions were occurring. Fins, 


there was decarboxylation leading to the production of hydroxytyramilt 
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which in turn was deaminated by the amine oxidase. In addition, a third 
reaction not previously described was observed. This involved the dis- 
appearance of the catechol nucleus as measured by the Arnow nitrite- 
molybdate method and the production of a compound identified by means 
of an absorption maximum at 2550 A. This third reaction, which occurred 
without direct use of atmospheric oxygen, represents an additional step 
of more or less importance in the catabolic handling of the amino acid or 
itsderived amine. The further characterization of the compound produced 
and the factors affecting its production will be of interest from a purely 
metabolic standpoint. However, there is another point of interest. Hy- 
droxytyramine is a recognized hypertensive agent. Consequently, the 
discovery of an additional reaction for the disposal of it and its precursor, 
dihydroxyphenylalanine, affords a new approach to the problem of es- 
sential hypertension. Further analysis of the reaction involving the cate- 
chol nucleus should add to a more complete understanding of the chemical 
phase, particularly that pertaining to the action of the sympathomimetic 
amines. 
SUMMARY 


Centrifuged cell-free extracts prepared from scorbutic or non-scorbutic 
guinea pig kidneys were found to metabolize dihydroxyphenylalanine 
equally well when oxygen consumption and disappearance of the o-dihy- 
droxyphenyl group were measured. 

By the appropriate use of the amino acid and hydroxytyramine with 
aerobic and anaerobic conditions and with selected inhibitors (cyanide 
and semicarbazide), the nature of the reactions occurring has been deter- 
mined. The amino acid has been found to undergo decarboxylation and 
subsequent “‘amine’’ oxidation due to the presence of the respective and 
well known enzymes in the extracts employed. 

Both substrates in the presence of the extract underwent a further re- 
action involving loss of the catechol nucleus without direct mediation of 
atmospheric oxygen or hydrogen peroxide and without formation of cate- 
chol conjugates. This reaction, not previously recognized, was strongly 
inhibited by cyanide and semicarbazide. 

The product resulting from the disappearance of the catechol portion 
was found to possess an ultraviolet absorption spectrum different from 
those of the substrates. There was observed one maximum at 2550 A as 
well as a second less pronounced maximum at 3150 A. This compound 


was readily separated from acid solution by means of aqueous butyl al- 
cohol. 
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A STUDY ON GROWTH INHIBITION BY p-, t-, AND p.i-ETH- 
IONINE IN THE RAT AND ITS ALLEVIATION BY THE 
SULFUR-CONTAINING AMINO ACIDS AND CHOLINE 
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(From the Lankenau Hospital Research Institute and The Institute for Cancer 
Research, Philadelphia) 


(Received for publication, February 28, 1949) 


Several years ago Dyer (1) reported that ethionine (S-ethylhomo- 
cysteine), when administered to young rats with a 5 per cent casein diet, 
induced a rapid loss in weight terminating in death. The simultaneous 
presence of methionine equivalent to an amount of ethionine in the diet 
prevented the loss in weight and no deaths occurred during the experi- 
mental period. Dyer concluded that ethionine could not be utilized by 
the rat in lieu of methionine probably because no metabolic deethyla- 
tion of ethionine to homocysteine took place. Experiments with an 
amino acid diet supplemented with choline and containing ethionine in 
lieu of methionine have led to similar conclusions (2). Harris and Kohn 
(3) observed a growth inhibition effect produced by ethionine in Esch- 
erichia coli which was completely reversed by methionine in one-tenth 
the concentration of ethionine in the medium. These experiments fur- 
tished the basis for the view that ethionine is an antimetabolite of 
methionine. 

Because of the variety of the metabolic pathways of methionine and 
of the metabolic products which are known to arise from methionine or 
from its degradation products (cystine, homocystine, cystathionine, 
tholine, creatine, etc.), it is not at all clear whether the inhibition of 
growth by ethionine is a result of a “block” in the utilization of methio- 
nine per se, or whether there is interference with the utilization of some of 
the metabolites which normally originate from methionine. The present 
report deals with the inhibition of growth of rats by ethionine on a com- 
plete 25 per cent casein diet and with a study of its alleviation by cystine, 
homocystine, cystathionine, methionine, and choline. The effective- 
tess of the optical isomers of ethionine in the inhibition of growth and its 
alleviation by either isomer of methionine is also described. 


EXPERIMENTAL 


The diet used by Dyer (1) contained 5 per cent of casein. Choline 
va probably supplied by the vitamin concentrate. On this diet the 
tats do not grow, although the weight is maintained. Since such a diet 
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is evidently deficient in the sulfur-containing amino acids, and its ade. 
quacy in labile methyl groups is uncertain, and since recent reports sug. 
gest a probable deficiency of such a diet in other essential amino acidg 
such as lysine, histidine, valine, threonine, and tryptophan (4), it ap. 
peared more suitable for our purpose not to complicate the picture by 
other possible nutritional deficiencies and employ a diet which is ade. 
quate for the growth of the rat. We selected a 25 per cent casein diet, 
As has been shown by Griffith and Wade (5), such a diet is ample in all 
the essential amino acids, but is somewhat deficient in labile methyl 
groups. To produce livers with “normal” lipide content 40 per cent of 
casein was required in the diet. However, for the study of possible labile 
methyl] deficiency in the rat on administration of ethionine, a 25 per cent 
casein diet appeared quite satisfactory. The percentage composition of 
the diet was as follows: Labco vitamin-free casein 25, sucrose 15, com- 
starch 31, inorganic salts (6) 4, Crisco 20, cod liver oil 5. 1 kilo of this 
diet contained 10 mg. of thiamine hydrochloride, 10 mg. of riboflavin, 
10 mg. of pyridoxine hydrochloride, 20 mg. of nicotinamide, 50 mg. o 
Ca pantothenate, 5 mg. of folic acid, 1.0 mg. of biotin, 1000 mg. of p 
aminobenzoic acid, 1000 mg. of ndsitel, and 7 gm. of liver extract (Lilly), 
No choline was added to the diet. 

Male albino rats of the Wistar strain born and raised in this Laboratil 
were used. They were selected from several litters at the ages of 24 to 
35 days. The older rats were used in experiments in which choline de. 
ficiency was expected to be more severe. This appeared desirable, a 
in the course of this work it was found that choline bears a definite rela- 
tionship to the inhibition of growth by ethionine. The animals wer 
housed in individual cages with raised screened floors, and water and foo 
were allowed ad libitum. The food consumption and the changes i 
weight were recorded twice weekly. All supplements were fed mixed 
with the diet in amounts indicated in Tables I and II. p1-Ethionme 
was synthesized according to Dyer (1). p-Ethionine and t-ethionin 
were similarly prepared from S-benzyl-p-homocysteine and S-bengyl 
L-homocysteine respectively, which were obtained by the resolution d 
S-benzyl-pt-homocysteine (7). 1-Ethionine showed a rotation of [al = 
+20.1° for a 1 per cent solution in 1 N HCl; for p-ethionine the corm 
sponding value was —20.4°. pv-Methionine and t-methionine were pr 
pared by the resolution of pt-methionine (8). Both isomers of methit 
nine had an equal and opposite specific rotation of 22° in 1 per cent soli 
tion in 1 n HCl. 1-Cystine was prepared from hair, inactive homocystilt 
was obtained from methionine (9), and a mixture of L-cystathionine al 
L-allocystathionine was synthesized by the recently described procedit 
(10). Choline chloride was a commercial product. All the substan 
were analytically pure. 
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At the end of the experiments the kidneys and livers of the rats were 
examined macroscopically and, if warranted, microscopically. We wish 
to thank Dr. Clark Brown, the pathologist of the Lankenau Hospital, 
for the microscopic examination of the tissues. The livers of the rats 
were weighed immediately upon removal, dehydrated in vacuo at room 


TaBLeE I 


Inhibition of Growth of Rats by p1-Ethionine and Its Alleviation by Various Supple- 
ments Added to 25 Per Cent Casein Diet 











Grou sie : Gain | Food ini Days 
No oe Brow per per pass 2. Supplements 
gm. gm. gm. gm. per cent per cent 
1 | 79] 70 |—0.45) 3.5 [4.9 + 0.2] 20 | 0.55 ethionine 
2) 48| 84] 1.3] 3.5 [3.7 4 0.2] 27 | 0.27 " 
3 | 56/143] 3.2] 5.8 |7.4 + 0.4] 27 | 0.14 ss 
4} 45) 158] 4.2] 7.4 17.3 +.0.4| 27 | None 
5 | 44) 104] 2.1] 4.5 |6.2 + 0.3] 28 | 0.55 ethionine, 0.5 methionine 
6 | 45/| 165; 4.3 | 7.6 |4.2 + 0.2| 28 | 0.5 methionine 
7} 66; 67] O 3.8 (4.5 + 0.2] 25 | 0.55 ethionine, 0.5 cystine 
8 | 54/102] 1.92) 4.8 |4.9 + 0.3] 25 | 0.55 = 0.56 “ 0.5 cho- 
line- Cl 
9 | 58| 47 |—0.4 | 2.7 |6.2 + 0.4} 25 | 0.55 ethionine, 1.0 cystathionine 
10 | 62; 94] 1.3] 5.8 |4.9 + 0.3] 25 | 0.55 " 1.0 ” 0.5 
choline: Cl 
ll | 51) 105] 1.11] 4.3 52 | 0.55 ethionine, 1.0 homocystine, 0.5 
choline: Cl 
105 | 125} 0.5 | 4.0 |3.3 + 0.2) 38 | 0.55 ethionine, 1.0 homocystine 
12 | 36| 91] 2.3] 6.0 20 | 0.55 " 0.5 choline-Cl 
91 | 164 | 2.0} 8.0 |4.2 + 0.2] 37 | 0.55 ” 
13 | 53] 52 |—0.1 | 3.7 10 | 0.55 " 
52} 158] 4.4] 6.8 24 | 0.55 16 0.5 choline-Cl 
158 | 178 | 2.5] 6.3 (3.2 +0.2| 8 | 0.55 = 0.5 4s 























* Each group consisted of six rats; the values for weight gain and food intakes 
are averages. 


{Each liver was analyzed separately; the data are mean values, including the 
standard error of the mean. 


temperature over CaCls, and the lipides extracted in a continuous extrac- 
tor with a 1:1 mixture of ethanol and ethyl ether. Upon removal of 
the solvents the lipides were estimated gravimetrically, and the lipide 
content was expressed in per cent of fresh liver. 

Table I summarizes the data obtained on several groups of rats main- 
tained on the 25 per cent casein diet. Increasing amounts of ethionine 
from 0.14 to 0.55 per cent produced progressively greater inhibition of 
growth in all rats; 0.55 per cent of ethionine prevented the growth and 
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in the majority of the rats caused a loss in weight. Rats weighing 35 
to 40 gm. which ingested 0.55 per cent of ethionine in the diet died within 
3 to 4 weeks, and the data were omitted from Table I. Neither cystine, 
homocystine, nor cystathionine fed together with ethionine alleviated 
the growth inhibition. When any of these supplements was fed together 
with choline, or when methionine alone was fed, there was a definite 
resumption of growth. However, it was found also that choline alone 


TaBLeE II 


Inhibition of Growth of Rats by v- or u-Ethionine and Its Alleviation by Either p- or 
t-Methionine Added to 25 Per Cent Casein Diet 


























gm. gm. gm. gm. per cent 
196 46 40 |-—0.4 2.4 14 0.5 L-ethionine 
40 84 2.3 4.4 19 0.5 * 0.5 uL-methionine 
84 120 4.0 8.3 9 None 
198 52 52 0 3.1 14 0.5 L-ethionine 
52 90 a7 4.8 14 0.5 7 0.5 p-methionine 
90 131 3.0 7.5 14 None 
200 53 40 |-—0.9 2.0 14 0.5 p-ethionine 
40 75 2.3 4.7 15 0.5 x 0.5 t-methionine 
75 121 3.3 8.0 13 None 
202 58 51 |-—0.4 2.8 14 0.5 p-ethionine 
51 74 1.3 5.3 14 0.5 ig 0.5 p-methionine 
74 121 3.5 Tua 14 None 
204 50 112 4.4 8.0 14 4 
112 99 |-0.9 4.5 15 0.5 L-ethionine 
99 143 3.4 7.3 13 None 
206 59 128 4.9 8.8 14 . 
128 120 |-0.5 5.4 15 0.5 p-ethionine 
120 180 4.6 9.0 13 None 





* Each rat represents experiments obtained on two animals. 


could prevent or alleviate the inhibition effect of ethionine. It will be 
noted from Table I (Group 12) that 0.55 per cent of ethionine fed to4 
160 gm. rat does not completely suppress the growth as it does when fed 
to a 50 gm. rat (Group 13). It will also be observed that a rate of growth 
equal to that maintained by rats ingesting the basal diet alone was no! 
attained by feeding either choline or methionine together with ethio- 
nine. It is possible that a complete reversal of the inhibition by ethio- 


nine could have been secured by varying the ratios of inhibitor 
to alleviator in the diet. For the moment, however, the interesting poi! 
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eems to be that choline alone can alleviate the growth inhibition by 
thionine. The severity of the inhibition by ethionine seems to be re- 
ated to the previous administration of choline to young rats (compare 
lata on Groups 11, 12, and 18, Table I, and Rats 204 and 206, Table 
T). 

Table II shows that either isomer of ethionine inhibits the growth of 
he rat on a 25 per cent casein diet, and that either isomer of methionine 
illeviates the inhibition by either isomer of ethionine. 

None of the rats which were fed ethionine alone or together with the 
supplements developed fatty livers or showed kidney damage within the 
period of experimentation.! On the contrary, the lipide content of the 
livers of rats ingesting ethionine alone or in combination with supple- 
ments, such as cystine, was lower than that shown by rats ingesting the 
basal diet. That our diet was somewhat low in labile methyl groups 
is indicated by the fact that addition of 0.5 per cent of methionine lowered 
the liver lipide content from 7.3 to 4.2 per cent without appreciably affect- 
ing the growth rate (Groups 4 and 6, Table I).? It is apparent, there- 
fore, that the inhibition of growth by ethionine does not interfere with 


the lipide turnover in the liver on a diet which is somewhat low in labile 
methyl groups.’ 


‘In experiments in which rats were maintained continuously on a 25 per cent 
casein diet supplemented with 0.55 per cent of pi-ethionine and either 0.5 per cent 
of pL-methionine or 0.5 per cent of choline chloride for 90 days, the rats gained an 
average of 120 gm. in weight (the initial weight was about 50 gm.). On autopsy, 
however, the livers of these rats showed no fatty infiltration, but bile-duct prolifer- 
ation, early fibrosis, and lymphocytic infiltration could be observed. The kidneys 
showed tubular degeneration, calcification, and infiltration of lymphocytes. 

*Griffith and Wade (5) observed about 23 per cent of liver lipides with 80 per 
cent incidence of kidney lesions in rats which were fed a diet containing 25 per cent 
of casein for a period of 10 days. Our rats showed livers with only about 7 per cent 
lipides after 27 days of maintenance on our 25 per cent casein diet. Our diet con- 
tained corn-starch in addition to sucrose, while that of Griffith and Wade (5) con- 
tained only sucrose. It is possible that the corn-starch of our diet contained suffi- 
cient choline to offer some protection to the rats against kidney lesions, but not 
enough to give livers with “‘normal”’ lipide content. 

*In a recent paper Hardwick and Winzler (11) reported that 0.8 per cent of pL- 
ethionine in an 18 per cent arachin diet fed to young rats for 12 days caused a severe 
loss in weight. The rats ingesting ethionine showed less lipides in the liver than 
those ingesting homocystine or homocystine together with choline in the basal 
diet. Addition of methionine in amounts equivalent to those of ethionine in the 
basal diet resulted in alleviation of the inhibition effect of ethionine, but the lipide 
content of the livers of these animals was over 200 per cent of those ingesting ethio- 
uine alone. It should be noted that Griffith emphasized on many occasions that 
gain in weight in a young rat is a prerequisite for fatty accumulation in the liver 
and kidney damage on diets low in the labile methyl group. 
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DISCUSSION 


We cannot describe the exact mechanism which is at play in the inhibi- 
tion of growth by ethionine and its alleviation by either methionine or 
choline. Apparently the mechanism concerns in some way the labile 
methyl groups or the intact choline molecule. If the absence of fatty 
infiltration of the livers of rats ingesting ethionine is the result of choline 
synthesis from the methyl group of dietary methionine, then apparently 
ethionine does not interfere with the transmethylation of methionine. 
The ethionine effect is not one of interference with the synthesis of cystine 
from methionine, since neither cystine, homocystine, nor cystathionine 
alleviated the inhibition produced by ethionine. The alleviation of the 
inhibition by choline suggests, however, that ethionine induces increased 
demand for choline, presumably at the expense of dietary methionine, 
That choline might exert a ‘methionine sparing” effect in the rat, releas. 
ing thereby more methionine for growth purposes, has been suggested, 
and growth stimulation by choline under such conditions has been noted 
(12). It has also been proposed that. the requirement for methionine 
in the rat is determined by the needs for growth and those for lipotropism 
(13). It is possible, therefore, that an increased requirement for choline 
in our experiments which was induced by ethionine administration cur- 
tailed the amount of methionine available for growth. 

This increase in the need for choline induced in the rat by ethionine 
ingestion suggests the possibility that ethionine interferes with some 
processes in which choline per se or only the labile methyl group plays 
réle which is essential for normal tissue synthesis. Normally, on a choline- 
free diet, the labile methyl group of methionine is not exclusively used 
for the synthesis of choline. A considerable fraction of it is oxidized 
to CO, (14), which in turn may be used for other synthetic reactions. 








Also there are other essential methylation processes which draw upa | 


the labile methyl group of methionine (15). It is conceivable that the 
increased need for choline which is created by ethionine administratia 
results in a diversion of the labile methyl group of methionine for greater 
synthesis of choline. This would tend to create a stress in relation 0 
other methylation reactions, some of which are essential for the wel 
being of the animal. This stress can be rectified by the administration 
of either methionine, choline, or, perhaps, other methyl donors. Ii 
would be of interest to ascertain whether in the presence of ethionine i 
the diet the methylation to yield creatine, anserine, epinephrine, et¢., 8 
diminished in the rat, and by the use of tracer technique to establisi 
whether under these conditions the labile methyl group of methionite 
is available for various methylation reactions, including the synthesi 
of choline, to the same extent as in the absence of ethionine. 
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The observation that either optical isomer of ethionine induced growth 
inhibition suggests the probability that the p isomer was inverted to the 
t enantiomorph in vivo, probably via the intermediary a-keto acid. In 
the rabbit, the administration of racemic ethionine leads to an increased 
excretion in the urine of a-keto acids (16). The activity of the two enan- 
tiomorphs of ethionine in the rat is in contrast with the results obtained 
with $-2-thienylalanine in Saccharomyces cerevisiae, Escherichia coli, 
and Lactobacillus delbrueckii LD5 (17) and with methoxinine in Esch- 
erichia coli (18). Only the L isomer of thienylalanine inhibited the growth 
in all three organisms, and in the case of methoxinine only the L form 
of methionine alleviated the inhibition induced by the racemic compound. 
It is also of interest that in the rat methoxinine inhibited growth without 
producing fatty infiltration in the liver (19). The differences in the re- 
sponse to the two enantiomorphs of antimetabolites in bacteria, as con- 
trasted to those in the rat, may be due to species characteristics, reflect- 
ing their ability to utilize only one optical form of an amino acid. Both 
forms of methionine are available to the rat for synthetic reactions, and 
it is, perhaps, not surprising that in this animal either optical form of 
ethionine inhibited growth. 

In discussing the relationship of amino acid analogues to protein syn- 
thesis in bacteria, Work and Work (20) expressed an idea which appears 
of interest to the discussion of the possible relationship of ethionine to 
protein synthesis in the rat. They stated: “To upset protein synthesis, 
the organism might be presented with amino acid analogues capable of 
being built up in peptide linkage but incapable of proper function in the 
completed protein.”’ This idea suggests the possibility of incorporation 
of ethionine into the tissue protein of the rat. As we stated before, the 
alleviation of the inhibition by ethionine is not completely reversed by 
either choline or methionine under the conditions of our experiments, 
and prolonged administration of ethionine together with either choline 
or methionine produced pathological changes in the liver and kidney 
of the animal.! In the case of methoxinine its “toxicity” to the rat is 
still apparent in spite of the beneficial effects of methionine (19). These 
“subtle effects” (19) of amino acid antimetabolites in the rat warrant 
further study of their possible relationship to protein synthesis. Em- 
ploying the tracer technique, we are attempting at present to elucidate 
the problems which we outlined in the ‘‘Discussion.”’ 


SUMMARY 


1, u-Ethionine, p-ethionine, or pL-ethionine inhibited the growth of 
tats maintained on a 25 per cent casein diet. u-Methionine or p-methi- 
onine alleviated the inhibition by either isomer of ethionine. 
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2. Neither cystine, homocystine, nor cystathionine alleviated the growth | 
inhibition by ethionine. Choline was effective. ON TH 
3. No fatty infiltration in the liver or kidney damage were observed CYSTAT 
in rats ingesting ethionine during the experimental period. Feeding 
of ethionine over a period of several months together with choline o 
methionine resulted in liver and kidney damage without fatty infiltration, 
In the amounts fed, neither choline nor methionine fed together with (Fron 
ethionine stimulated the growth to the level obtained on the basal diet, 
4. The possible significance of these results in relation to labile methy| 
group economy and to tissue protein synthesis in the rat is discussed. 
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ON THE AVAILABILITY OF THE DIKETOPIPERAZINES OF 
CYSTATHIONINE, HOMOLANTHIONINE, AND METHIONINE 
TO RATS FOR GROWTH PURPOSES 


By JAKOB A. STEKOL anp KATHRYN WEISS 


(From the Lankenau Hospital Research Institute and The Institute for 
Cancer Research, Philadelphia) 


(Received for publication, March 1, 1949) 


We recently reported the synthesis of cystathionine and of the next 
higher homologue of lanthionine, homolanthionine (1). The intermediates 
in this synthesis were the corresponding diketopiperazine derivatives. 
Inspection of the structures of these intermediates reveals the fact that the 
cysteine moiety of the cystathionine molecule in the cystathionine diketo- 
piperazine derivative and, similarly, one of the homocysteine moieties 
of homolanthionine in the homolanthionine diketopiperazine derivative 
are free. The possibility that these free residues of cystathionine and 
homolanthionine diketopiperazines might undergo cleavage in vivo, and 
thereby become available to rats for growth purposes, could not be dis- 
missed a priori. ‘The structural formulas of the diketopiperazine deriva- 
tives of cystathionine, homolanthionine, and methionine are given below. 
The last compound was included in the study because of the possibility 
that methionine anhydride sulfur, following the demethylation of the com- 
pound in vivo, could be linked to the carbon residue of serine, thus giving 
rise to cystathionine diketopiperazine. Should such demethylation of 
methionine anhydride occur, the lipotropic effect of the methyl group could 
then be detected in the rat which is maintained on a diet with low labile 
methyl group content. 

Previous investigations have shown that rat liver preparations cleave 
L-cystathionine to cysteine (2). 1u-Cystathionine is available to the rat 
for growth purposes in lieu of cystine, while L-allocystathionine in the 
presence of dietary choline stimulates the growth in lieu of methionine 
(3). p-Cystathionine and p-allocystathionine were neither cleaved to 
cysteine or homocysteine by rat liver preparations (2) nor were they avail- 
able to the rat for growth purposes in lieu of cystine or methionine (3). 
Thus, the in vivo and in vitro cleavage of cystathionine obviously depended 
on the optical configuration of the cysteine moiety of the cystathionine 
molecule, the u form conferring the biological activity on the thio ether. 
Since our preparation of cystathionine was a mixture of L-cystathionine 
and L-allocystathionine (both forms being biologically active), the above 
experimental findings further strengthened the possibility that the cysteine 
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noiety of cystathionine diketopiperazine might be available to the rat by 
imple cleavage of L-cysteine. 

We have recently reported that our preparation of homolanthionine (a 
mixture of pL and meso forms) is biologically active in lieu of cystine and, 
to some extent, in lieu of methionine (4). Furthermore, tracer studies 


TABLE I 


Availability of Diketopiperazines of Cystathionine, Homolanthionine, and Methionine 
to Rats for Growth Purposes on Low Casein Diet 

















Rat, Ceoep a= == | m4 | = het out Supplements to Diet C-8 
gm. | gm. gm. gm. per cent 
1 57 86 1.0 28 8.0 | 0.9 homolanthionine diketo- 
piperazine 
86 90 0.8 5 6.8 | None 
90 154 > Fe 24 10.5 | 0.55 homocystine 
154 149 —0.7 7 8.8 | None 
2 50 71 0.9 24 7.5 | 0.2 choline-Cl 
71 98 0.9 30 8.0 |0.2 “ and 0.9 homolan- 
thionine diketopiperazine 
98 116 1.2 14 9.2 | 0.2 choline-Cl 
3 54 77 0.92 25 6.6 | 0.85 cystathionine diketopi- 
perazine 
77 132 2.2 25 8.5 | 0.5cystine 
4 56 81 1.08 23 7.5 | 0.2 choline-Cl and 0.85 cysta- 
thionine diketopiperazine 
81 111 1.0 30 8.3 | 0.2 choline-Cl 
5 48 67 1.1 17 8.0 | None 
67 80 0.81 16 8.1 | 0.6 methionine anhydride 
80 136 1.93 29 9.8 | 0.61 . 
136 132 —0.5 8 7.4 | None 
6 55 80 2.5 10 9.2 | 0.93 cystathionine 
80 95 0.72 21 6.7 | None 
95 140 2.8 16 9.8 | 0.93 cystathionine 
7 50 140 ¥I 84 8.8 | None 
8 60 144 1.0 84 9.0 | 0.2 choline-Cl 

















*Each group of rats consisted of three animals. The data are average values. 


have shown that the sulfur of homolanthionine is available for the synthesis 
of hair cystine in the rat (5). If this activity of homolanthionine was a 
result of a simple cleavage of homocysteine, then by virtue of the reason- 
ing outlined above for cystathionine diketopiperazine one could expect 
such cleavage to occur in vivo in the case of the diketopiperazine derivative 
of homolanthionine as well. On the other hand, if the activity of the en- 
tymatic systems involved in the cleavage of either cystathionine or ho- 
molanthionine depends not only on the optical configuration of the cysteine 
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and homocysteine moieties respectively, but also on the availability of the 
a-amino and carboxyl groups of the rest of the respective molecules, thep 
no stimulation of growth could be expected to result on administration of 
either of the diketopiperazines. It appears well established that the dike. 
topiperazine bond cannot be split by the animal organism. ‘The study 
presented here describes the results of testing these alternatives. 


EXPERIMENTAL 

Five litters of male albino rats of Wistar strain born and raised in this 
laboratory were used. The experimental conditions employed and the 
composition of the diet used were previously described (4). The liver 


lipides of the rats which ingested methionine anhydride were estimated 
gravimetrically by extraction of the dehydrated liver in a continuous ex- 
tractor with a 1:1 mixture of ethanol and ethyl ether. The lipide values 
were expressed in per cent of fresh liver. Cystathionine, cystathionine 
diketopiperazine, and homolanthionine diketopiperazine were synthesized 
according to a recently described procedure (1). Methionine, methionine 
anhydride, and homocystine were prepared according to Snyder ei al. (6), 
The compounds were analytically pure. The amounts of the supplements 
fed to the rats are indicated in Table I. 


DISCUSSION 


As is apparent from the data presented in Table I, the diketopiperazine 
derivatives of cystathionine, homolanthionine, or methionine did not stin- 
ulate the growth of rats which were maintained on an 8 per cent casein 
diet. Addition of choline to the diet did not alter the results. On the 
other hand, administration of either cystathionine, cystine, methionine, 
or homocystine promptly resulted in stimulation of growth. The prepara- 
tion of cystathionine synthesized by our method is thus physiologically 
active, as was expected on theoretical grounds (1). It is apparent from 
these results that blocking the homocysteine moiety of cystathionine by 
the diketopiperazine ring abolishes the physiological activity of cystathio 
nine as far as the stimulation of growth is concerned. This could pre- 
sumably mean that the cysteine moiety of the diketopiperazine derivative 
of cystathionine, although free, cannot be cleaved by the rat organism. 
The same conclusion is applicable to the results obtained with homolat- 
thionine diketopiperazine. It could be presumed on the basis of thies 
results that rat liver preparations will be unable to cleave either the cysteine 
or the homocysteine moieties from the diketopiperazine derivatives 
cystathionine and homolanthionine respectively,! if such cleavage parallels 
the biological activity of the compounds in vivo. 


1 Under the conditions which readily permit rat liver preparations to cleave cyst 














Ch Ore 





he ) 
en 

of 
ke- | 
dy 


this 
the 
iver 
ated 
. eX- 
ues 
nine 
sized | 
nine 


. (6), 
nents 
| 


azine 
stim- | 
casell 
m the 
onine, 
epara- 
ically 
| from 
ine by 
tathio- 
ld pre- 
ivative 
anism. 
molan- 
f these 
rysteine 
ives of 
yarallels 


ve cysta 











J. A. STEKOL AND K. WEISS 1061 


The livers of rats which ingested 0.6 per cent of methionine anhydride 
with the 8 per cent casein diet for 3 weeks contained 21.0 per cent of lip- 
ides (average value for six animals). The control animals kept on the 
basal diet alone for 3 weeks showed 20.0 per cent of lipides in the liver. 
It is apparent that the methyl group of methionine anhydride was not 
available to the rat for lipotropism. 


SUMMARY 


The diketopiperazine derivatives of cystathionine, homolanthionine, and 
methionine did not stimulate the growth of rats maintained on a low 
casein diet, in spite of the fact that the cysteine and homocysteine moieties 
of the diketopiperazines of cystathionine and homolanthionine are free. 
Methionine anhydride did not lower the lipide content of the livers of rats, 
suggesting that no demethylation of methionine anhydride took place 
in vivo. 
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thionine to cysteine (2), homolanthionine was not cleaved either to homocysteine 
or to H,S. Neither was cysteine formed under these conditions in the presence or 
absence of NaCN (Stekol, J. A., and Weiss, K., unpublished data). 
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ISOLATION AND PROPERTIES OF CRYSTALLINE a-AMYLASE 
FROM*GERMINATED. BARLEY* 


By SIGMUND SCHWIMMER anp A. K. BALLS 


(From the Enzyme Research Division, Bureau of Agricultural and Industrial 
Chemistry, Agricultural Research Administration, United States 
Department of Agriculture, Albany, California) 


(Received for publication, March 7, 1949) 


The isolation of crystalline a-amylase has been reported in a preliminary 
communication (1). Details of the method of isolation, behavior of the 
fractions leading to crystallization, and some properties of the crystalline 
material are reported here. This material constitutes the first instance of 
the crystallization of an a-amylase from a higher plant and is probably the 
only protein crystallized from barley malt. The only other amylase crys- 
tallized from a higher plant is the B-amylase protein obtained from the 
sweet potato by Balls, Walden, and Thompson (2). 


Methods of Assay 


Amylase and Other Enzymes—When a- and B-amylases were both present, 
each enzyme was determined by the methods of Olson, Evans, and Dick- 
son (3). After the 8 enzyme had been destroyed (by heat) in the course 
of purifying a-amylase, the a-amylolytic activity was determined as de- 
scribed by Schwimmer (4), by measuring the rate of change in the intensity 
of the color formed when iodine is added to the digesting starch. Under 
controlled conditions, the time required to arrive at any specified intensity 
is inversely proportional to the amount of a-amylase. This proportion- 
ality holds over a wide range of enzyme concentrations and of color in- 
tensities, but measurements are best when the system transmits about half 
the incident light. 

For reasons of convenience and somewhat increased accuracy, a new unit 
of a-amylase will be used here and in later communications. The new 
unit is defined as that amount of enzyme which (with starch as the initial 
substrate) gives 50 per cent transmission at 660 my in 10 minutes under the 
previously specified conditions.!_ The units may be read off by interpola- 
tion on an ordinary curve of time versus per cent transmission, made with 
any preparation of malt a-amylase that has previously been heated to 70° 


*Enzyme Research Division Contribution No. 121. 


1] @-amylase unit as described here is equivalent to 0.16 of the unit of Sandstedt, 
Kneen, and Blish (5), and to 0.0026 mg. of protein nitrogen in the form of the twice 
crystallized protein described here. 
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Fia. 1. The change in color of the dextrin-iodine complex and the per cent of glu- 
cosidic bonds hydrolyzed as the hydrolysis by a-amylase proceeds. 
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MG. PROTEIN NITROGEN 
Fic. 2. Relation between optical density of malt protein solutions and protein 





nitrogen content as determined by micro-Kjeldahl. Curve A, optical density of 
turbid solutions determined at 400 my in an Evelyn colorimeter. The solutions were 
prepared by mixing 1.0 ml. of a (suitably diluted) crude protein solution with 10.0 
ml. of 2 per cent trichloroacetic acid. Concentration is expressed as mg. of nitrogel 
per ml. of the diluted protein solution before addition of the trichloroacetic acid. 
Curve B, optical density of 1 cm. of solutions of crystalline a-amylase read at 281 mp 


in a Beckman spectrophotometer. Protein nitrogen concentration is expressed as 
mg. per 10 ml. of solution. 
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for 15 minutes to free it from the 8 enzyme. Such a curve is shown in 
Fig. 1. For comparison the fraction of total glycosidic bonds hydrolyzed 
in the same time is shown. 

Hydrolysis of glycosidic bonds was followed by a modification (6) of the 
Willstatter-Schudel reduction of hypoiodite (7). This method was also 
used to determine maltase activity. Phosphatase was assayed by the 
method of Axelrod (8), which is based on the rate of hydrolysis of p-nitro- 
pheny! phosphate. 

Protein Nitrogen and Specific Activity—The specific activity is expressed 
as a-amylase units per mg. of protein nitrogen, [au./PN]. Protein nitrogen 
was estimated by one of three methods. For routine analysis of crude 
preparations a turbidimetric measurement of the precipitate with trichloro- 
acetic acid was made in an Evelyn colorimeter at 400 mu. Protein nitrogen 
in colorless, purified preparations was determined by the ultraviolet ab- 
sorption of the protein solution at 281 my measured by a Beckman spectro- 
photometer. The relation between optical density and protein nitrogen 
in these two cases is given by Fig. 2. These methods were checked by usual 
micro-Kjeldah! determinations on washed trichloroacetic acid precipitates. 


Procedure for Isolation 


Characteristics of Crude Concentrate—Commercial malt syrup was used 
as source material.2 This extract was very high in sugar and contained 
salt and sulfite as preservatives. Its activity was about 1.5 times that of 
the same weight of a highly diastatic malt; however, the specific activity 
of the a-amylase therein was 3 to 4 times as high. When heated to 70° for 
16 minutes, over half of the protein, including all of the 8-amylase, was 
removed, but there was no loss of a-amylase activity (Table I). In con- 
trast to dilute malt extracts (4), a-amylase cannot be removed from this 
material by bentonite. No additional calcium salt was required to stabilize 
the enzyme during heating. As a routine procedure, 2 liters of this con- 
centrate were heated to 70° for 15 minutes and then filtered on a Biichner 
funnel with 60 gm. of Celite. The residue was then washed with calcium 
sulfate solution until the final volume was again 2 liters. This filtrate is 
Line 2 in Table II, where the entire procedure is summarized and the 
specific activity and yield are shown at each step. 

Precipitation by Ammonium Sulfate—Practically all the a-amylase was 
precipitated from the filtrate just described by making it 0.43 to 0.50 satu- 
rated with ammonium sulfate, and adjusting the pH to 5.6 to 6.0 with 
ammonia.? After 2 hours at room temperature, the precipitate was filtered 


* Obtained through the courtesy of Dr. Alexander Frieden of the Pabst Brewing 
Company, to whom the authors express their best thanks. 

* Solid ammonium sulfate was used in the amount required if the liquid was water 
(instead of being a strong solution of maltose). 
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onto fluted paper (Schleicher and Schiill, No. 588), and washed with 5 or 6 
times its volume of 0.33 saturated ammonium sulfate solution (pH 5.6 
to 6.0) containing 2 gm. of calcium sulfate per liter. The washed precipi- 
tate is Line 3 in Table IT. 

This precipitate may be considerably purified by repeated fractional 
precipitations with ammonium sulfate. A specific activity of 340 was once 























TABLE I 
a-Amylase and Protein Nitrogen in Crude Malt Extract after Heating at 70° and 
Filtering 
Activity Specific activity 
Time of heating [<] Protein nitrogen au. 
ml. PN 
min. = mg. per ml, ioe ne’ 
0 16.0 2.35 6.7 
4 16.6 

7 15.9 1.41 11.3 

10 15.8 1.25 12.8 

16 16.0 1.10 14.6 

24 14.0 1.07 13.1 

35 13.0 0.95 13.7 
TaBLeE II 


Summary of Isolation of Malt a-Amylase 




















Activity Total |specise 
Volume Poa —S [a] 
ml. }| [a u.] |L PN 
ml. 

NE ee eee 2000 14 28 6 
2. Heated to 70° and filtered. ...................4. 2000 13.5) 27 13 
3. Ppt. at 0.43 saturated ammonium sulfate........ (17 gm.) 22 80 
4. Alcoholic solution of partly purified enzyme..... 200 95 21 105 
i PS cn ee ou wksabn see ebeneey ss 17 310 

Be I sirshan cis cc eseasa eens 16 
7. Suspension of Ist crystals...................... 30 467 14 350 
8. e of crystals, 4 times recrystallized. . . . 20 400 8 | 390 





obtained in this way, to be compared with 390 found later for the crystalline 
protein. The yields were invariably low, and the material never got be- 
yond the “globular stage,” but much information of subsequent value was 
obtained by studying these preparations. The enzyme exhibited a mini- 
mum solubility in dilute ammonium sulfate (0.28 saturated) in the neigh- 
borhood of pH 6.0. Furthermore, more protein impurities remained i0 
solution when precipitation was made at pH 6.0 to 7.0 than otherwise. 
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Thus the specific activity of the precipitate obtained at 0.28 saturation of 
a partially purified enzyme solution that contained 81 units per ml. was 
210 at pH 5.1, 260 at pH 6.0, 240 at pH 7.0, and 205 at pH 7.5. 

An attempt was also made to predict the specific activity of the pure 
enzyme by the method of Falconer and Taylor (9). To this end, a solution 
of partly purified enzyme was precipitated at different concentrations of 
ammonium sulfate. At zero ammonium sulfate (7.e., when diluted with 
water instead) the solution contained 135 units of a-amylase per ml. with a 
specific activity of 197 units per mg. of protein nitrogen. Fig. 3, bis plotted 
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Fig. 3,a. Solubility of protein and solubility of the a-amylase activity at several 
concentrations of ammonium sulfate; pH 5.8; for other data see the text. 
Fie. 3,b. Activity remaining in solution. Variation of activity with total pro- 


tein remaining in solution as calculated from Fig. 3,a. The slope of the tangent to 
CB is 1.93. 


from the solubility data of Fig.3,a. According to Falconer and Taylor (9) 
the tangent DB represents the behavior of a system in which the enzyme 
ispure. Therefore, in the preparation used, 48 per cent of the total protein 
is inert, and the specific activity of the remaining 52 per cent is 197 X 1.93, 
or 380. This is in remarkably close agreement with the maximum ac- 
tivity, 390, found for the material crystallized later. The activity and 
total protein content of the soluble phase are shown in Fig. 3, a. The 
enzyme is seen to be less soluble than the remainder of the protein. 

The stability of the partially purified protein toward methanol, ethanol, 
and acetone was tested. Of these reagents, ethanol seemed to be least 
destructive. In 40 volume per cent ethanol about half the enzymic ac- 
tivity was lost in 6 hours at 25°, while at 5° no loss whatever occurred in 
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24 hours. The enzyme was found to be quite soluble in ethanol solutions 
up to 55 volumes per cent, at temperatures around —20°. 

Adsorption on Starch Granules—The adsorption of amylase on starch was 
reported by Starkenstein in 1910 (10). In 1933, Holmberg (11, 12) found 
that the a component of malt amylase could be separated from the 8 com- 
ponent by adsorption of the former on starch, but apparently this method 
was not used extensively. Hockenhull and Herbert (13) found that the 
amylase of Clostridium acetobutylicum is adsorbed onto potato starch in the 
presence of alcohol at low salt concentrations. 

It was found, starting with material corresponding to Line 3, Table II, 
that the a-amylase could be adsorbed to some extent on raw wheat starch 
from aqueous solutions, but much more completely from solutions con- 
taining ethanol. Unlike most adsorptions, that of the amylase required 
considerable time. In one experiment, 100 cc. of 40 per cent ethanol con- 
taining 10,500 units of enzyme was stirred at 0° with 20 gm. of raw starch. 
In 30 minutes, 50 per cent of the activity was adsorbed, 65 per cent in 80 
minutes, and 70 per cent (the maximum) in 90 minutes. Some non-selee- 
tive adsorption of protein also took place. Better results were obtained 
by the use of a Zechmeister column, usually 40 mm. in diameter, filled toa 
depth of 10 to 12 cm. with a mixture of equal weights of Celite and wheat 
starch. The column was used as follows: 

The washed precipitate (Line 3, Table II) was made up to a volume of 
50 ml. in water; then an equal volume of cold 80 per cent ethanol containing 
5 gm. of calcium chloride per liter was added. The insoluble material 
was filtered out with a little Celite and washed with diluted alcoholic 
calcium solution (40 per cent alcohol) until the total volume of filtrate and 
washings was 200 ml. (Line 4, Table II). This was kept for 30 to 6 
minutes at +5° and filtered again if a precipitate (CaSO,) appeared. It 
was poured onto a dry well packed column of starch and Celite and sucked 
through. The column was usually kept at room temperature. It was 
next washed with diluted (40 per cent) alcohol until the outflow was color- 
less. Elution was made by pouring 50 ml. portions of water saturated with 
calcium sulfate through the column at room temperature. Each portion 
of eluate was kept separate until assayed and only those containing much 
enzyme were combined and used (Line 5, Table IT). 

An experiment was made to determine the distribution of enzyme in the 
column after the washing procedure. The data are given in Table IIl. 
Most of the enzyme remained near the top, but the enzyme toward the 
bottom was somewhat purer. 

Final Purification—The enzyme was precipitated from the combined 
eluates (about 150 cc.) by 0.66 saturation with ammonium sulfate (pH 6.0). 
The precipitate (Line 6, Table IT) was collected in a little Celite on a small 
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Biichner funnel, and washed thereon with about 20 ml. of half saturated 


ammonium sulfate (pH 6.0). It was then dissolved while on the filter in 


as small a volume as convenient (15 to 20 ml.) of half saturated calcium 
sulfate. At this stage the enzyme solution was clear, colorless, and con- 
tained about 2 to 3 mg. per ml. of protein nitrogen. The pH of the solution 
was adjusted, when necessary, to 5.9 to 6.0 with 0.1 N ammonia, and satu- 
rated ammonium sulfate solution at the same pH was added slowly up to 
0.26 saturation. When placed at 30-33°, crystals of the enzyme appeared 
TABLE III 


Distribution of a-Amylase Activity in Starch-Celite Column after Washing* 


de = . yo nt of tot 
Basten: No Fanath Per cent of total Per cent of 


L Relati — Per cent activity 
= a ‘ Nelative purity E * 
activity protein nitrogen per cm. of depth 
cm 

| OLS 12 13 92 15 
2 3.2 $2 15 93 13 
; 1.6 35 o2 110 S 
} 1.8 I] 10 110 6 


* The column was div ided into four portions, No. | being the topmost Portions 
Lland3 areshghtly higher in Celite content, since a pad of Celite was placed at either 


end 


TABLE I\ 
Yield and Specific Activity of Malt a-Amylas 


on Recrystallization 


Suspension Supernatant therefrom 


No. t d bee, Specific activity re , Specific activity 
Potal activity nie Pota activity a NE 
ja u.} PN | a@u [sx] 
Ist 30,506 345 6300 273 
2nd 22, 100 38S 1540 298 
3rd 19,300 396 1720 340 
{th 15,800 389 1270 366 


in| to 3 hours. Later, ammonium sulfate was added to 0.33 saturation, 


and after standing overnight in the incubator the suspension was centri- 
fuged (Line 7, Table II). For reerystallization, the sedimented crystals 
were taken up in 15 ml. of cold half saturated calcium sulfate solution and 
the crystallization carried out as before. 
soluble in the cold. 
low pH 5.6. 


The protein seems to be more 
Crystal formation was not observed below 25° or be- 
The specific activity and recovery of enzyme through four 
successive crystallizations are shown in Table IV. The purity of the 
mother liquors gradually approached that of the crystals which separated 
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from them. Analysis (Kjeldahl) of the twice crystallized material gave 
13.4 per cent nitrogen after prolonged dialysis against distilled water. 

The crystals (Fig. 4) are hexagonal prisms, about 13 yw in length, capped 
by pyramids. Larger crystals (about 30 u in length) have been occasionally 
obtained when an amorphous precipitate appeared at first and did not 
crystallize for several hours. They were usually accompanied by large 
amounts of amorphous protein. 


Ce 





Fig. 4. Crystals of the a-amylase of barley malt (X 580) 


Several Properties of Crystalline Protein 

Solubility Curve—The solubility of the crystalline protein in half satu- 
rated ammonium sulfate (adjusted to pH 5.95 with ammonia) was deter- 
mined in the presence of increasing amounts of the crystals, according to 
the technique described by Herriott (14). The erystals were washed with 
the solvent and then suspended in it. The suspensions were diluted to 
constant volume with more solvent and the containers were slowly rotated 
on a horizontal axis for 16 hours at 25°. Thereafter the solid phase was 
removed by centrifugation, and the absorption of the supernatant liquids 
Was measured at 281 my in a Beckman spectrophotometer as a measure 
of their protein content. Analysis of the curve shown in Fig. 5 indicates, 
according to the discussion of Herriott, the presence of 95 to 97 per cent 
of one protein component. 

The ultraviolet absorption spectrum of a twice crystallized preparation 
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is shown in Fig. 6. It exhibits the usual maxima, owing to tyrosine, and 
tryptophan. 

Osmotic Pressure, Molecular Weight, and Turnover Number—The molecu- 
lar weight of four times crystallized protein was calculated from osmotic 
pressure measurements made by the procedure of Bull (15). The enzyme 
was dissolved in 0.2 m acetate buffer, pH 6.1, made up with water saturated 
with calcium sulfate. The protein was dialyzed against the solvent for 1 
week at 5°. Equilibrium in the osmometers was reached from both sides 
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Fig. 5. Solubility of three times crystallized malt a-amylase in half saturated 
ammonium sulfate at pH 5.95 in the presence of increasing quantities of solid phase. 


in § days at 30°. The final values were 2.86 and 2.72 cm. of water for the 
osmotic pressure of solutions containing respectively 0.656 and 0.643 gm. 
of protein per 100 gm. of solvent. The molecular weight was therefore 
calculated as 59,500 + 900. 

Calculation of the turnover number from this value and the data of Fig. 7 
indicates 19,000 bonds hydrolyzed per minute per molecule of enzyme 
(molecular weight taken as 59,500) when the total number of glycosidic 
bonds per molecule of enzyme in the digestion mixture was 4 X 10°. The 
turnover number for crystalline pancreatic amylase, calculated from the 
data of Meyer, Fischer, and Bernfeld (16) and by Fischer and Bernfeld (17), 
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is 25,000, with 45,000 as the molecular weight when 4 X 10* glycosidic 
bonds were present per molecule of enzyme. 

Enzymic Action—The elimination of 8-amylase in the early stages may 
be justly assumed, since this enzyme in malt is known to be relatively 
sensitive to heat. Furthermore, the rate of production of reducing sub. 
stances from starch (Fig. 7) is not in accord with the effect of even a smal] | 
amount of the 8enzyme. Thus the addition of calcium sequestering agents 
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DENSITY= LOG. 1./I PER CM 








i ol i i i 
240 260 280 300 320 340 
WAVE LENGTH (mp) 
Fic. 6. Ultraviolet absorption of crystalline malt a-amylase (0.0083 mg. of proteil 
nitrogen per ml. in 0.1 m acetate, pH 6.0, containing CaSQ,). 





(0.01 m “‘tetraphosphate” or 0.01 m hexametaphosphate, pH 5.0) was found | 
to have no effect upon #-amylase, but destroyed all the amylolytic at- 
tivity of the a preparations. 

The extent of digestion of soluble starch solutions by two different cot 
centrations of crystalline amylase is shown in Fig. 7. Formation of I 
ducing substances appears to follow the same kinetics as observed by 
Bernfeld and Studer-Pécha (18) with partially purified malt a-amylas 
acting on amylose. This behavior has been regarded as characteristic of 
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a-amylase action. On the other hand, Fig. 1 indicates that the reducing 
value at the ‘“‘achromic point” (no color of the digest with iodine) was 24 
per cent compared to the value of 30 per cent reported by Hanes and Cattle 
(19). However, this difference may be due to the differences in the iodide 
and iodine concentrations used to obtain the color. Swanson (20) has 
shown that the absorption maxima of the dextrin-iodine complexes shift 
towards smaller wave-lengths during digestion of amylose by a-amylase. 
Whereas partially purified preparations of malt a-amylase rapidly lost 
all activity when dialyzed against distilled water, it was difficult to destroy 
the activity of a solution of crystals completely by the most thorough 
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Fie. 7. Hydrolysis of soluble starch by crystalline malt a-amylase at 30°, pH 4.6. 
The concentration of starch was 12 mg. per ml. The concentration of enzyme protein 
was 0.77 per ml. for Curve A and 13 per ml. for Curve B. An additional amount of 


enzyme was added at 303 minutes to bring the total concentration of enzyme protein 
to 20-y per ml. 





dialysis (20 ml. was dialyzed for 1 week against a total of 30 liters of dis- 
tilled water). Such dialyzed enzyme lost 84 per cent of the activity and 
59 per cent of the protein became insoluble. This preparation still gave 
& positive flame test for calcium. Furthermore, crystals which were washed 
thoroughly against 0.4 saturated ammonium sulfate containing no calcium 
still contained 0.13 per cent of calcium. In this preparation the molar 
ratio of protein of molecular weight 60,000 to calcium is 2. It would seem 
that crystalline preparations still require calcium for activity, but that it 
is more difficult to remove it from the crystalline enzyme. Lyophilization 


of a solution of crystallized enzyme dissolved in saturated calcium sulfate 
water resulted in almost complete loss of activity. 
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According to Lane and Williams (21), inositol is an active constituent of 
pancreatic a-amylase. They found that the y isomer of hexachlorocyelo- 
hexane acted as an inhibitor and that inositol reversed this inhibition, 
When crystalline malt a-amylase was dissolved in 50 per cent dioxane and 
2 mg. per ml. of a mixture of isomers of hexachlorocyclohexane were added, 
no decrease in activity was observed after 24 hours at 5°. A control con- 
taining dioxane but no hexachlorocyclohexane also lost no activity under 
the same conditions. Qualitative tests for inositol as described by Sal- 
kowski (22) were negative. 


SUMMARY 


Isolation and crystallization of the a-amylase of germinated barley 
(malt) has been described in detail. The procedure consists essentially 
of heating concentrated malt extract, precipitating the remaining protein 
with ammonium sulfate, adsorption of the enzyme from an alcoholic solu- 
tion on wheat starch granules, and crystallization of the eluted enzyme 
from ammonium sulfate. Behavior of the fractions leading to crystalliza- 
tion and some of the properties of the crystalline substance, including 
molecular weight, purity, and ultraviolet absorption spectrum, are reported. 
The kinetics of hydrolysis, the requirement of the enzyme for calcium, 
and the apparent absence of inositol in the enzyme are also discussed. 
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THE EXTRACTION OF FOLIC (PTEROYLGLUTAMIC) ACID 
CONJUGATE FROM YEAST 


By RICHARD D. GREENE 
(From the Division of Development, E. R. Squibb and Sons, New Brunswick) 


(Received for publication, March 9, 1949) 


The conjugate of folic acid (pteroylglutamic acid, vitamin B,) in yeast 
was isolated by Pfiffner e¢ al. (1) and determined to be pteroylhexaglutamyl 
glutamate (2). Recently this group has published details of the concentra- 
tion of the conjugate (3). The present paper describes a simple method 
for producing a concentration of the conjugate of from 40- to 100-fold by 
differential extraction of columns of yeast with alcohol-water mixtures. 
Further purification was attained by fractional precipitations in 70 per 
cent alcohol at different pH levels. 


EXPERIMENTAL 


Assay Methods—Samples were assayed for ‘‘potential folic acid” (4) with 
Streptococcus lactis (faecalis) R (5), and Lactobacillus casei, with use of a 
vitamin B, standard.! The medium for the L. casei assay (6) was supple- 
mented with a folic acid-free, lead-treated solution of yeast extract (7, 8). 
On the basis of the ratio of 1:2.8 between the molecular weights of pteroyl- 
glutamic acid and the conjugate (2), all assay values were expressed in 
terms of the conjugate, in which form the vitamin existed throughout these 
fractionations. 

Conditions for Extraction of Conjugate from Yeast—A slurry was made of 
flaked brewers’ yeast with 60 per cent alcohol (formula 3A, 90:10 ethanol- 
methanol was used throughout) and poured into a column. Continued 
percolation with 60 per cent alcohol removed most of the extractives but 
very little conjugate. Following this, the conjugate was extracted by 45 
to 50 per cent alcohol. The extraction of conjugate was improved by add- 
ing to the 45 to 50 per cent alcohol either HCl to make 0.01 N or NaH,PO, 
tomake 0.1m. The data in Table I show that this type of extraction pro- 
duced excellent yields of conjugate and a high degree of purification. In 
Experiments 3 and 4, 75 to 80 per cent of the conjugate, with about 100- 
fold increase in concentration, was contained in just about the amount of 
extract (1.3 cc. per gm. of yeast) required for complete exchange of the 
liquid in the column. On a larger scale the yields and the extent of con- 


‘Acknowledgment is made to Parke, Davis and Company and to the Lederle 
Laboratories Division, American Cyanamid Company, for vitamin B.. 
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centration were somewhat less, due to difficulty in duplicating the condi- 
tions for ideal percolation attainable with smaller columns. 

In extraction with phosphate solutions, the true degree of concentration 
was somewhat higher than indicated by determination of the total solids, 
due to phosphate in the extract. However, the amount of phosphate in 
the extracts was much less than might have been expected. Although the 
45 per cent alcohol originally contained 0.012 gm. of NaH2PO, per ce., 
calculations from volume and weight data show that total solids in the ae- 
tive extracts were only about one-half of this amount. Not until the con- 
jugate was almost completely extracted did phosphate appear in the ex- 
tract in the expected amounts. Therefore the extraction of conjugate was 
accompanied by adsorption of phosphate by the yeast. 

In a larger scale experiment a 250 liter crock with a bottom side-outlet 
was fitted for percolation with a column support of crushed rock and sand 
and 45.4 kilos of flaked brewers’ yeast were added as a slurry with 76 liters 
of 60 per cent alcohol. Percolation with 60 per cent alcohol was main- 
tained until 380 liters of extract had been collected and no liquid remained 
above the yeast. At this point percolation with 50 per cent alcohol con- 
taining 0.01 n HCl was started and the next 38 liters of extract were com- 
bined with the first fraction (Fraction 1, Experiment 5, Table I). The ex- 
tract was collected in three additional fractions. Fraction 2 (38 liters) 
contained very little conjugate, because the solvent was mostly 60 per 
cent alcohol which had remained in the column. Most of the conjugate 
was in Fraction 3 (200 liters), which contained 65 per cent of the activity 
of the yeast. More exhaustive extraction, as indicated by Fraction 4 (150 
liters), did not significantly increase the yield of conjugate. Fractions 3 
and 4 were combined? and concentrated in vacuo to 8 to 10 liters. 

Further Concentration of Conjugate—In further experiments (Table II), 
advantage was taken of the fact that the conjugate is more soluble at pH 
3 than at pH 6 in 70 per cent alcohol. Of the above extract, 7220 cc., 
which were derived from 40 kilos of yeast, contained 1464 mg. of conjugate 
in 1117 gm. of solids. To this solution were added, with stirring, 130 cc. 
of 10 n HCl to adjust the pH to 3.0 and anhydrous denatured alcohol to 
make a volume of 26 liters. The precipitate which was formed, after 
washing with 3 liters of 70 per cent alcohol and drying, weighed 610 gm. 
and was relatively inactive (Fraction 1, Experiment 1). The 70 per cent 
alcohol solution was adjusted to pH 6.0 with 102 cc. of 10 N NaOH. After 
decantation and washing with 70 per cent alcohol the dried active precip- 
itate (Fraction 2) weighed 104.5 gm. and contained 1.156 gm. of conju: 
gate, equivalent to about 50 per cent recovery of that in the yeast. When 
refractionated by a similar procedure, 10 gm. of the material yielded 3.9 


? Fraction 4 was combined with Fraction 3 before its low potency was known. 
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Experi-| Weight 
meat of yeast 
gm. 
1 100 
2 100 
3 200 
4 400 
5 45,400 











Dimensions | - 


of column 


cm. 


3 X 30 


3 X 30 


3 X 60 


3 X 120 


53 X 38 


| 
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TABLE I 


Mizxtures 





Extractant 





Additions to alcohol-water 





60-50 
50 
50 





0.01 n HCl 


0.07 m NaH2PO, 


0.1 m NaH:PO, 
0.1 “ “ 
0.1 “ 


0.1 m NaH.PO, 


” eel 
0.1 “cc “ 
0.01 x HCI 
0.01 “ “ 
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Extraction of Folic Acid Conjugate from Yeast* by Percolation with Alcohol-Water 











Extract 
oe solide canes 
ce. gm. mg. 
1000 | 23.0 0.72 
920 4.73 
1000 | 23.2 0.76 
910 4.90 
2120 | 46.6 0.72 
250 0.66; 0.62 
250 1.70} 8.62 
164 0.92) 0.44 
1340 | 21.6 0.72 
4280 | 92.8 1.92 
580 1.4 1.12 
224 1.72) 10.4 
320 1.72; 7.96 
800 9.16} 0.14 
liters 
418 |9489.0 | 326.9 
38 | 149.8] 16.3 
200 | 749.1 |1679.8 
150 | 408.6 | 84.0 





* Flaked brewers’ yeast containing 0.059 mg. of conjugate per gm. 
t The fraction contains 60 per cent alcohol from the column. 











1 
1 
2 
3 
2 
1 
2 
3 


TABLE II 





Description 





70% 
70% 


70% 
70% 





“ 


“ 


“ 6.0 


“ filtrate, pH 6.0 


“ 


“ 


Fraction 2, Experiment 1 
70% alcohol ppt., pH 3.0 


~ oe 


“ filtrate, pH 5.5 


Concentrate from 40 kilos of yeast (Experi- 
ment 5, Table I) 
70% alcohol ppt., pH 3.0 


Effect of pH in Fractionation of Folic Acid Conjugate in 70 Per Cent Alcohol 











Total solids m8 
gm. mg. 
1117 1464 
610 207.5 
104.5 1156 
520 62.7 
10.0 110.6 
1.3 7.6 
3.95 89.3 
4.8 13.2 
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gm. of a precipitate which was about twice as potent and contained 29 
per cent conjugate. This represents a concentration from yeast of nearly | 


400-fold with an over-all yield of 40 per cent. 


SUMMARY 


Folic acid conjugate was concentrated by percolating yeast in a column 
with alcohol-water mixtures. Extractives which contained little activity 
were largely removed with 60 per cent alcohol. The conjugate was then 
extracted with slightly acidic 45 to 50 per cent alcohol. Such extracts 
contained up to 6 mg. of conjugate per gm. of solids, or about 100 times 
the content in yeast. Further concentration was obtained by removal 
of inactive solids from 70 per cent alcoholic solution at pH 3, followed by 
precipitation of an active fraction at pH 5.5 to 6.0. By these methods a 
concentration of conjugate of 22 mg. per gm. of solids was reached. 


Acknowledgment is made to Frances M. Phillips and Abraham J. 
Brook for technical assistance in this work. 
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THE INFLUENCE OF DIET ON THE RIBOFLAVIN CON- 
TENT AND THE ABILITY OF RAT LIVER SLICES TO 
DESTROY THE CARCINOGEN N,N-DIMETHYL-p-AMINOAZO- 
BENZENE* 


By C. J. KENSLERt 


(From the Department of Pharmacology, Cornell University Medical College, 
New York City) 


(Received for publication, March 9, 1949) 


The production of liver tumors in the rat by the oral administration of 
N,N-dimethy]-p-aminoazobenzene (DMB) is markedly influenced by diet. 
Our early work (1, 2) showed that the maintenance of normal hepatic ribo- 
flavin levels was of importance in protecting rats against tumor forma- 
tion. The work of Griffin and Baumann (3) and Miller, Miller, Kline, 
and Rusch (4) has emphasized the relationship between hepatic riboflavin 
levels and the carcinogenic action of DMB and related compounds. Ribo- 

| flavin supplements are not effective in maintaining hepatic riboflavin 
| levels or preventing tumor formation in the absence of adequate protein 
intake (2). 

In a study (5) from this laboratory of the effect of diet on the ability of rat 
liver slices to destroy DMB it was found that the maintenance of rats on 
a brown rice-carrot diet, which favors tumor production by DMB (6, 7), 
decreased this activity of rat liver. It was also observed that the addition 
of protective supplements such as dried brewers’ yeast or riboflavin and 
casein prevented this decrease. Measurement of the riboflavin content of 
the livers of rats on these diets indicated that, as the riboflavin level fell, 
the ability to destroy DMB also decreased. 

The use of brown rice diets in the preceding study (5), while suggesting 
that the changes observed were due to inadequate riboflavin and protein 

| intake, made it necessary to rule out the presence of a “toxic” factor in 
the rice as the responsible agent. For this reason, and for the purpose of 
controlling the intake of other dietary constituents, the experiments have 
been repeated with diets which did not contain rice or carrot. As the 
Wisconsin group (8, 9) have published extensively on the effect of casein- 
dextrose diets on the carcinogenic action of DMB, the diets selected were 
modeled on the ones investigated by that group. 


| 
| 








* This work has been supported by a grant from the American Cancer Society. 

t Fellow of the Committee on Growth of the National Research Council. 
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Methods 


The destruction of DMB by liver slices was measured as described in 
our earlier report (5) and depended on the recovery and spectrophoto. 
metric estimation of the DMB that was not destroyed. 100 y of DMB 
were incubated with 150 mg. of liver slices in all experiments. Under the 
conditions of these experiments the destruction of DMB was proportional 
to the period of incubation. The recovery of added DMB at zero time 
was good, 90 to 95 per cent. 

The basic diets used were of the casein-dextrose type described by 
Miller (9) for medium tumor incidence. All vitamin supplements, except 
those varied in the different experiments, were administered as specified 
(9). Halibut liver oil was omitted in view of the short time involved. In 
the 4 per cent protein diet the dextrose was increased to 87 per cent of the 
diet. The diets were fed ad libitum. 

The rats used were of the Wistar strain, weighing between 100 and 150 
gm. at the start of the experiment. Similar results have been obtained with 
Sherman strain rats obtained from the Rockland Farms (but are not in- 
cluded in this paper). 

The riboflavin was measured by a modification of the fluorometric method 
of Hodson and Norris (10). 


Results 


The data obtained on hepatic riboflavin levels and the destruction of | 


DMB by liver slices from rats maintained on various diets are shown in 
Table I. It can be seen that, as the riboflavin content of the diet was 
reduced, the riboflavin level in the liver and the in vitro destruction of DMB 
both decreased (Diets 1, 2,3, and 4). In marked contrast, when thiamine 
(Diet 5) or choline (Diet 6) was omitted from the diet, there was no change 
in DMB destruction, and the hepatic riboflavin level was in the normal 
range, although in the absence of thiamine these values were slightly higher 
and in the absence of choline slightly lower than the controls. The failure 
of the omission from the diet of thiamine or choline to affect the ability d 
rat liver to destroy DMB thus supports the observation made when brow 
rice diets were used that a riboflavin-containing component of hepatic cells 
is either primarily or secondarily involved in the destruction of DMB. 

The riboflavin level in the liver of rats is lowered also when the proteil 
content of the diet is reduced (11, 12). As is shown in Table I (Diets? 
and 8), when the protein content of the diet used was reduced from 12 to 
4 per cent, both the riboflavin level and the ability of liver to destroy DMB 
were decreased. Thus the protein level of the diet as well as its riboflavin 
content has been found to be of importance in maintaining hepatic ribo 
flavin levels and high activity with respect to DMB destruction. 
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Biotin has been reported (13, 14) to increase tumor incidence when cer- 
tain partially protective diets were used and adenine has been reported (15) 
to increase liver damage associated with DMB administration. The addi- 
tion of adenine (Diet 9) and biotin (Diet 10) to the basal diet was without 
effect on riboflavin level or DMB destruction. 


TaBLe [ 


Riboflavin Content and Destruction of DMB by Liver Slices from Rats Fed 
Casein- Dextrose Base Diets for 14 to 20 Days 


| DMB destruc- 
| 








Riboflavin per gm. | tion by 150 mg. 
Diet No. of liver (wet weight) liver slices in 
No. | Fats 60 min. 
Range Average Range Average 
| Y Y Fs Y 
1 | 12% protein, 0.01 gm. vitamin B,*| 16 | 16.2-25.0 | 21.5 | 40-69) 53.0 
per kilo | | 
2 | 12% protein, 0.001 gm. vitamin B,* | 10 | 16.2-22.8 | 18.7 | 20-63) 37.5 
per kilo | | 
3 | 12% protein, 0.0005 gm. vitamin B,*| 11 | 12.3-18.8 | 16.0 | 20-29) 25.7 
per kilo | 
4 | 12% protein, no added vitamin B, 11 | 10.7-14.4 | 13.0 | 20-33) 25.4 
§ |12% “ 0.01 gm. vitamin B, per| 10 | 21.8-25.2 | 22.8 | 47-75) 58.9 
| 


kilo, no thiamine 
6 | 12% protein, 0.01 gm. vitamin Bz per} 11 | 13.3-25.0 | 19.7 | 45-68) 57.5 
kilo, no choline | | 
7 | 4% protein, 0.01 gm. vitamin Bz per} 9 | 11.0-21.8 | 16.5 | 20-49) 34.7 
kilo 
8 | 4% protein, 0.001 gm. vitamin Bz per} 10 | 9.2-19.4 | 
kilo | 
9 | 12% protein, 0.01 gm. vitamin B; per} 5 | 21.0-25.2 | 22.3 51-71) 62.4 
kilo, 0.1% adenine | 
10 | 12% protein, 0.01 gm. vitamin B, per| | 19.2-23.2 | 
kilo, + 0.002 gm. biotin per kilo | 
| 


14.0 | 19-40] 31.5 








20.8 | 48-55! 51.7 


Oo 





ll | 12% protein, 0.01 gm. vitamin B, per| 9 | 16.4-22.4 | 18.3 | 18-48} 26.1 


| kilo, 0.06% DMB 
12 12% protein, 0.001 gm. vitamin B, perl 
kilo, 0.06% DMB 


10 | 11.0-14.8 | 12.2 | 12-26) 18.4 











° Riboflavin. 


The relationship between the riboflavin level in the liver and the ability 
to destroy DMB is shown more clearly in Fig. 1. Rats fed Diets 1 through 
8, Table I, have been plotted. The data show that the decrease in the 
ability to destroy DMB is most marked as the riboflavin content falls from 
22 to 15 y per gm. of liver tissue. Rats maintained on a ration of dog chow 
usually have between 25 and 30 y of riboflavin per gm. of liver tissue but 
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the destruction of DMB is not much greater than for livers containing 22 
to 25 y per gm. Conversely it has been found that rats maintained on 
brown rice-carrot diet for periods of 80 to 100 days containing 8 to 10 y 
of riboflavin per gm. of liver destroyed only slightly less DMB than the 
livers containing 12 to 15 y per gm. ‘Thus the striking drop in the ability 
to destroy DMB occurs to a large extent as the riboflavin content is de- 





80+ 
70; See 
o ° ‘ 
S A ‘ "eo 
- ° ‘ e 
© of oh 
4 50- ° 6 
Ee Pa 
% 737 
o 

Oo 40; a 
@o a 
= P of 
= 30; Berl, v0 
€ o %, ¢°° 
= asa OSes 

20+ oe =  ° 

o 
10 eo 9 
o* INDIVIDUAL RATS ON DIETS | to8 TABLE I 
0 m-m = AVERAGES (I0-11.9, 12-13.9, 14-15.9, etc.) 





0 S 10 1S 20 25 


yigm RIBOFLAVIN PER GRAM LIVER (WET WEIGHT) 


Fia. 1. Relationship between the riboflavin content and destruction of DMB by 
liver slices from rats fed casein-dextrose base diets for 14 to 20 days. The solid points 
connected by the dotted line represent the average values for each 2 y range af 
riboflavin level; ¢.e., the point at 15 y per gm. includes all animals containing from 
14.0 to 15.9 y per gm. of liver. 


creased from 22 to 15 y per gm. and the curve flattens out at both hig 
and low riboflavin levels. 

The results presented in the preceding paragraphs were obtained withou! 
the inclusion of the carcinogen DMB in the diet. The inclusion of DMB 
in diets of the brown rice type was shown to depress the riboflavin level 
more than the diet alone (1). This observation has been extended to othet 
diets and azo compounds by Griffin and Baumann (3). As is shown 
Table I, the inclusion of 0.06 per cent DMB in the 0.001 and 0.0001 p# 
cent riboflavin diets (Diets 11 and 12) decreases both the riboflavin levd 
and the ability of slices of the liver to destroy DMB, more than the di 
alone. 
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DISCUSSION 


The data presented extend the observation (5) originally made on rats 
maintained on brown rice diets that the rate of destruction of the hepato- 
carcinogen DMB by rat liver slices is related to their riboflavin content. 
Although the metabolism of DMB in vivo is not completely worked out, 
it involves a complex series of reactions leading to cleavage of the azo 
linkage (16), demethylation of the amino group (16, 17), oxidation of the 
p’ position (16, 17), the accumulation of an unknown but colored deriva- 
tive in the liver (18), as well as the excretion of the metabolites in conju- 
gated form (16, 17). As neither the end-products nor the intermediary 
products of the destruction of DMB by liver slices have been identified, 
it is difficult to assess the significance of the apparent correlation between 
riboflavin content and DMB destruction. However, it appears likely that 
the azo linkage is the grouping attacked in the slice experiments, as the 
destruction of p-aminoazobenzene is also decreased by diets lowering the 
riboflavin content of the liver (5). 

Mueller and Miller (18) have recently reported that diphosphopyridine 
nucleotide (DPN) is involved in the destruction of DMB in liver homoge- 
nates. This has also been observed in our laboratory. Measurement of 
DPN content (1, 19) of the livers of rats fed high and low tumor incidence 
diets of the brown rice type showed that the DPN level was depressed by 
the administration of DMB in the diet but not by the diet alone, in con- 
trast to the variation of riboflavin levels as a function of these diets. Thus 
it would appear that DPN is not a limiting factor in the liver slice experi- 
ments reported in this paper. 


SUMMARY 


1. The limitation of the riboflavin or protein intake but not the thia- 
mine or choline intake has been found to reduce both the riboflavin con- 
centration in rat liver and the ability of rat liver slices to destroy the liver 
carcinogen N,N-dimethyl-p-aminoazobenzene. 

2. The addition of biotin or adenine to the diet was without effect on 
either the riboflavin level or the destruction of the carcinogen by liver 
slices. 

3. Data showing the relationship between the riboflavin level in the liver 
and the ability to destroy the carcinogen are presented. 

4. The inclusion of the carcinogen in the diet further reduced the hepatic 
riboflavin level and the ability of liver slices to destroy it. 
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MEASUREMENT OF OXYGEN UPTAKE UNDER CONTROLLED 
PRESSURES OF CARBON DIOXIDE 


By ARTHUR B. PARDEE* 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, February 21, 1949) 


Aerobic experiments with the Warburg technique are carried out es- 
sentially in the absence of CO, because alkali in the center well removes 
CO. as it is produced (1, 2). Various methods have been devised to cor- 
rect for this shortcoming, but these methods are cumbersome, requiring 
two flasks or special apparatus (3). This paper presents a method of 
measuring oxygen uptake at a constant CO, pressure. A suitable solu- 
tion in the center well maintains a chosen concentration of CO, in the 
flask analogous to the manner in which a buffer holds pH constant. The 
solution contains diethanolamine (2 ,2’-iminodiethanol), HCl, and KHCO; 
in amounts that are varied to give the desired CO, concentration. The 
solutions equilibrate sufficiently rapidly and have a large enough capacity 
under the usual experimental conditions in a Warburg flask of the con- 
ventional type, under CO. up to 3 volumes per cent of the gas. Robbie 
(4) has used a similar principle to maintain constant HCN in the War- 
burg flask. Warburg (5) was the first to apply a modification of this 
principle (see “‘Discussion”’). 


EXPERIMENTAL 
Methods 


All experiments were performed at 38° with a Warburg apparatus 
shaken at 230 strokes per minute of 2.5 cm. length. The flasks were 
conical, of 12 to 16 ml. volume, containing 3.0 ml. of liquid in the main 
part of the flask, and with center wells 15 mm. high by 8 mm. inside 
diameter, containing 0.6 ml. of solution unless otherwise noted. The lip 
of the center well was greased to prevent creeping, and two pieces of What- 
man No. 42 filter paper, each 22 by 40 mm., one rolled into a cylinder and 
the other folded in accordion fashion (4), were placed in the center well 
in such a manner that they projected about 7 mm. The folded paper 
was used alone in one experiment and the results indicated it to be equally 
satisfactory below about 1 per cent COs. 

Center Well Solutions—Technical grade (Eastman) diethanolamine was 
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used after it was diluted to 60 per cent by volume with water and 
warmed with a little charcoal to remove most of the color and odor. The 





per cent CO, in equilibrium with solutions containing 10 ml. of 60 per | 


cent diethanolamine, various amounts of 6 N HCl, water to make 15 ml, 
and 3.0 gm. of powdered KHCO; is given in Fig. 1. Less KHCO; is used 
to obtain lower pressures. The KHCO; dissolves in 1 to 2 hours at room 
temperature with occasional shaking. Solutions were allowed to stand 
at least overnight before use. They are stable and solution enough for 

















5 _ — 
at | = AGIDIFIED—~, 
iS) 
o 
O3b 
~ 
z 
Ww 
z 
wi 2r 
a 
* 
1 8 
o' i L e --+-—e 
0 2 4 0 20 40 60 80 
ML. HOL MINUTES 
Fia. 1 Fia. 2 


Fia. 1. Dependence of CO; on composition of center well solution. For a descrip 


tion, see the text. 
Fia. 2. Rate of uptake of released CO2. 320 ul. of COs were released at 43 minutes. 


@, NaOH; O, 0.7 per cent CO:; @, 1.5 per cent COQ; ©, 3 per cent CO: (Dickens 
Simer flasks). The points are averages of duplicate experiments. 


many experiments can be made at one time if kept in stoppered bottles 
Experiments by Mr. Erich Hirschberg showed that at 19° and 27° the 
equilibrium pressures were one-fourth and one-half as great, respectively, 
as at 38°. Perhaps triethanolamine would be superior at these temper 
tures. 

Determination of CO: Concentration—To determine the equilibrium 
concentration of CO,, a solution in the center well was shaken on the 
Warburg apparatus with a solution containing a drop of 0.1 per cell 
phenol red plus a concentration of K,CO; such that the pH at equilibrium 
lay in the range of the indicator (6). The per cent CO, in the gas wa 
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obtained from the pH estimated visually and the bicarbonate concen- 
tration (1 HCO;- ion for each K* ion or 2 times the concentration of 
K,CO;) by means of the equation (3), per cent CO. = 6.2 X 10° (H*) 
(HCO;-). This procedure was found to be in error by less than 20 per 
cent, or 0.1 pH unit, when checked by measuring the increase in pressure 
when excess HCl was dumped from the side arm into a K2COx solution 
and then comparing with the per cent CO, calculated from the pH of an 
indicator-carbonate solution in the center well. 1 per cent CO, is equal 
to 100 mm. of manometer fluid (Brodie’s solution). 

Rate and Final Equilibrium—In the experiments shown in Fig. 2, flasks 
containing 2.7 ml. of 5 X 10-* m KHCO,, 0.3 ml. of 0.5 n HCl in the side 
arm, and 0.6 ml. of diethanolamine solution in the center well were shaken 
for 43 minutes; then the acid was tipped into the KHCO;,, releasing CO, 
(7). The CO: concentrations at equilibrium were measured in separate 
flasks. 

For comparison, the diethanolamine solution was replaced by 0.2 ml. 
of 2N NaOH plus a piece of 15 by 25 mm. filter paper. This set-up may 
not be optimum, but is the one used in this laboratory. Since CO, will 
diffuse into the alkali from bicarbonate, 0.1 ml. of 0.5 n NaOH was added 
to the bicarbonate, and the acid was dumped at 13 minutes; however, 
the data are plotted with the others for better comparison. 

Flasks with empty center wells were used to measure the amount of 
CO, released. In these flasks, also, NaOH was added to the bicarbonate. 
The data obtained are not shown; the CO, pressure had risen to the equi- 
librium level of about 300 mm. before the next reading was made. 

Initial equilibrium was not attained in the first 10 minutes at the higher 
concentrations, but this can be obviated by exhaling through a pipette 
into each flask a moment before it is put on, so that CO, will be present 
in the gas phase initially. The rates of return to equilibrium were simi- 
lar to the rate of absorption by NaOH. A better test is given by the 
homogenate experiments described below. Final equilibrium was at- 
tained within the error to be expected of Warburg measurements. As 
the pressure of CO, or the total amount absorbed is increased, the error 
will increase, so that 1.5 per cent CO, seems to be an upper limit for this 
method, though an arbitrary correction can be made if the rate of uptake 
isadequate. 

It is probable that only a small part of the solution in the center well 
comes to equilibrium with the gas phase, as shown by the superior equili- 
bration by Dickens-Simer flasks (3), even at 3 per cent COs, with 1 ml. 
of solution and three glass or metal beads in the large center well. 

Comparison by Means of Homogenale System—Fig. 3 is a plot of rate 
of oxygen uptake (calculated as if CO, were absent) against time when 
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essentially the oxalacetic oxidase system (8), to which approximately 
equilibrium amounts of KHCO; were added, was used. Two solutions 
in the center well are compared with NaOH and with nothing in the 
center well; the difference between the two determinations is a measure 
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Fig. 3. Oxygen uptake at 0,0.5, and 1.0 per cent COs. The flasks contained (final 
concentrations) 0.0067 m K phosphate, 0.067 m KCl, 1.3 K 10-° Mm cytochrome c, 0.0033 
M MgCle, 0.001 m K adenosine triphosphate, 0.0018 m K pyruvate, 0.0018 m K oxal- 
acetate, variable KHCOs, and 0.3 ml. of 10 per cent rat kidney homogenate in iso- 
tonic KCl, in a volume of 3.0 ml. at initial pH 7.1. The points are averages of dupll- 
cate experiments. @, no KHCO;, NaOH in center well; O, 10-3? m KHCOs, 0.5 per 
cent CO.; ©, 2 X 10-?m KHCOs, 1.0 per cent CO:; @, no KHCOs, nothing in center 
well. 

Fig. 4. Maximum rates of oxygen uptake at zero and 1.5 per cent CO.. Conditions 
as in Fig. 3 with variable amounts of homogenate. The points are averages of dupli- 
cate experiments. Flasks with 1.5 per cent CO, contained 2 X 107° m KHCOQ). @, 
NaOH; @O, 1.5 per cent COs. 


of the CO. which the solution in the center well must absorb. This 
volume appears to be 75 per cent of the oxygen uptake. The uptake il 
the presence of CO, was the same as in its absence, showing that the 
evolved CO; was efficiently absorbed, though possibly CO, stimulates 
the reaction enough to compensate for incomplete CO, uptake. h 
Fig. 4, maximum rates for this system with various amounts of homog 
enate are compared at 0 and 1.5 per cent COQ». The rates lie together 
within experimental error up to at least 70 ul. per 10 minutes, showilf 
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that the mixture in the center well absorbed 50 ul. per 10 minutes of CO, 
efficiently. 

Higher CO.—If CO, above 1.5 per cent is desired, it is necessary to 
start with CO: in the gas phase to eliminate the otherwise long equilibra- 
tion period. This CO, can be introduced either by gassing by a conven- 
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Fig. 5. Oxygen uptake at 2 and 3 per cent COs. Effect of gassing. The condi- 
tions are as in Fig. 3 with 0.25 ml. of 10 per cent rat kidney homogenate in isotonic 
KCl per flask. @, NaOH; O, 2 per cent COs, 4 X 10-? m KHCO, in solution, CO: 
initially introduced into flasks; @, 3 per cent COz, 6 X 10-° m KHCO); 8, 3 per cent 
CO:,6 X 10-? m KHCO,; in solution, CO: initially introduced into flasks. The points 
are averages of duplicate determinations. 


tional method (3), or by exhaling into each flask through a pipette until 
the CO, content has a composition similar to that of the breath. Fig. 
5 presents a comparison of rate of oxygen uptake with NaOH in the cen- 
ter cup and center well mixtures giving 2 per cent and 3 percent CO;,. In 
the flasks not gassed the initial equilibration took about an hour; ex- 
haling into the flask or gassing (same results) reduced this time to 30 
minutes at 3 per cent COs. The contents of the Dickens-Simer flasks 
were equilibrated in 20 minutes after gassing. The flasks containing 2 
per cent CO, were in close agreement with those containing NaOH 
throughout the experiment. An experiment with 5 per cent CO: was 
totally unsuccessful. 
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DISCUSSION 


The level of CO, usually used is 5 per cent (3), 3 times the concentration 
attainable by the technique described in this paper, but this limitation 
has not been shown to be significant for any experiment (1, 2). By im. 
proving the design of the center well, giving it a greater area and better 
mixing, about 3 per cent CO, can probably be used, when there is a pr. 
liminary gassing of the flask. A center well presenting a greater area to 


the gas phase is better because the rate of absorption is proportional ty | 
the area (9). It is advantageous to have as large a rate of absorption gg | 


possible, so that initial equilibrium is set up rapidly. Dixon and Elliott 


(7) showed that the CO, pressure in the flask must be higher than the | 
equilibrium pressure over the center well (taken as zero in their case) by | 


an amount equal to the rate of CO, output divided by the constant o 
rate of absorption. This excess pressure can be calculated (from Fig. 2) 
to be 12 to 17 mm. of manometer fluid at a rate of CO, output of 50 ul, 


per 10 minutes. As the rate of reaction decreases with time, the (0, | 


pressure drops and this is erroneously measured as oxygen uptake. This | 


error, like the error of opposite sign which results from increased equilib 
rium pressure due to change in composition of the center well solution, 
appears gradually during the reaction. It is not large under the condi. 
tions described in this paper and can be decreased by increasing the rte 
of absorption. Another advantage of a large center well is that it can 
hold a greater effective volume of solution, which leads to smaller changes 
of composition on absorbing a given amount of COs, and hence a smaller 
change in equilibrium pressure. 

Diethanolamine is an inexpensive, non-toxic material used industrially 
for removing CO, from gas mixtures. It appears from its dissociatio 
curves to be an excellent material for obtaining concentrations of sever 
per cent CO:. The reactions probably involve carbamate formatiot, 
go in two or more steps, and require two amines per CO, molecule. Vis 
cosity at higher concentrations decreases the rate of reaction, which 3 
optimum at 3 m under certain conditions (10, 11). 

For pressures above 3 per cent, diethanolamine will probably have 
be replaced by another compound because its capacity and, more it 
portant, its rate of reaction with CO, decreases with increasing equilib 
rium pressures (10, 11). Other solutions were tried in the center wel, 
and all were found to be inferior, including bicarbonate and KOH witl 
borate plus bromine or carbonic anhydrase as catalysts (12), glycine whit 
reacts rapidly to form a carbamate (13), glycine plus borate, triethand 
amine (10), nembutal, and carbonate. 

Warburg (5) studied O, pressure changes during photosynthesis ly 
algae under constant CO:, with carbonate-bicarbonate solutions in which 
the algae were suspended. The CO: pressure was quite constant unde 
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his conditions, but as discussed by Warburg, the method has limitations. 
The pH of the solutions in which the reactive material is suspended is 
determined by the CO, pressure, sometimes in an undesirable range. The 
volume of solution must be large in order for the salt concentration to 
be in a physiological range and yet buffer satisfactorily, and the CO, 
pressure must be low; for instance, the highest concentration of CO, 
used was 0.27 per cent obtained with 10 ml. of solution at pH 9.2 contain- 


jing 0.015 m Na,CO; and 0.085 m NaHCO;. The rate of equilibration 


may not be adequate in a system which gives off CO. 

We have not searched the literature for systems in which CO, is im- 
portant. Warren (1) and Laser (2) list a number of references indicating 
that CO. aids the functioning of tissue preparations. Certain micro- 
organisms require CO:, and this technique (14) might be used in studies 
on photosynthesis and fixation of CO, in plants and animals. An ad- 
vantage of the technique is that the pH is held more constant, which is 
useful when low buffer concentrations are used. The method is no more 
difficult to use than the conventional one with alkali and one shortcoming 


This | 
uli | of the aerobic Warburg technique is avoided. 
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SUMMARY 


A method is described for measuring oxygen uptake in the presence of 
a constant CO, concentration up to 3 per cent. Aqueous solutions of 
diethanolamine plus HCl and KHCO; in the center well of the Warburg 
flask act as a “‘buffer’’ to hold the CO: constant. The method was tested 
by measuring CO, released by acid and by a homogenate system. 


I wish to thank Dr. Van R. Potter and Mr. Erich Hirschberg for their 
interest in the problem and for several valuable suggestions. 
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Shorb recently reported an unidentified growth factor, LLD, which is 
required by Lactobacillus lactis Dorner. A liver extract preparation was 
established as an arbitrary standard and was assigned a potency value of 
1000 LLD units per mg. (1). With the aid of a microbiological assay, with 
use of L. lactis, a crystalline material was isolated from liver extract and 
named vitamin By, (2, 3). The LLD growth factor activity in certain 
complex materials is accounted for, at least in part, by the vitamin By: con- 
tent of these materials. Pure vitamin By has activity as a growth-pro- 
moting factor for L. lactis equivalent to 11,000 LLD units per microgram. 
Vitamin By also is active in the treatment of pernicious anemia and has 
growth-promoting activity for chicks fed diets deficient in animal proteins 
(4, 5). 

Efforts to utilize L. lactis Dorner for assay of the LLD growth factor in 
this laboratory have met with some difficulty. Considerable variation was 
found in the response of L. lactis Dorner to standard solutions of crystal- 
line vitamin By or concentrates rich in the LLD growth factor. Heavy 
growth frequently occurred in control tubes which contained no added 
LLD factor. Preliminary experiments on size of inoculum, pH of medium, 
temperature, length of incubation, and other known variants indicated 
that basic environmental factors were not controlled and may be respon- 
sible for the variations in response. Experiments showed that the rela- 
tive oxygen and carbon dioxide tension of the environment profoundly 
affected the growth of this organism and its requirement for the LLD 
growth factor, supplied either by liver concentrate or by crystalline vita- 
min By. 

A requirement for CO, and its utilization by many microorganisms has 
been established (6). However, the effect on microorganisms of varying 
Q; tension, the oxidation-reduction potential of the medium, and the rela- 
tionship of oxidizing and reducing agents to these factors are subjects of 
considerable controversy. 

Ever since the Pasteur effect was demonstrated (7), investigators have 
attempted to define the mechanism of the inhibition of metabolic activi- 


*Presented at the Theobald Smith Society, New Jersey section of the Society of 
American Bacteriologists, January 25, 1949. 
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ties of anaerobes by oxygen. McLeod and Gordon (8) suggested that the 
inhibition noted was caused by the toxic effect of peroxides, which accu. 
mulated under aerobic conditions in the absence of catalase. This view 
was substantiated by Avery and Morgan (9), who demonstrated that 
peroxide was formed in aerobic cultures of Pneumococcus and showed that 
the addition of plant juices to such cultures destroyed the peroxide and 
resulted in good growth of their cultures. They also concluded that the 
production of catalase was the natural protective device of aerobic organ- 
isms which anaerobes lacked. This conclusion has since been contested 
by many workers who found that anaerobic organisms will grow in contact 
with air in the presence of aerobic cultures, even those known to be catalase. 
negative, or in the presence of respiring potato (10), or following the addi- 
tion of reducing agents to the medium (11, 12). Further exception to 
McLeod’s theory has been presented by Sherman (13), who reported that 
some obligate anaerobes do produce catalase. The inability of catalase 
to stimulate many anaerobes (14) is a fact which McLeod has noted him- 
self (8). 

At present it is not clear whether the phenomena identified by these 
workers are applicable to a particular organism or whether the data found 
in the literature can be correlated into a comprehensive understanding of 
basic factors which govern the metabolism of aerobes and anaerobes, 
Since the lactobacilli are microaerophilic and demonstrate an adaptable 
mechanism which would lend itself to wide investigation of these factors, 
it is rather surprising that they have not been utilized more frequently 
for such investigation. 

In view of preliminary results relating growth of L. lactis Dorner to 0; 
and CO, tension, it was hoped that investigations into the effects of varied 
concentration of these gases and related factors might yield interesting 
data on the limiting conditions for the growth of the organism. 


EXPERIMENTAL 


Medium—An amino acid basal medium, prepared according to Stokes 
et al. (15), was supplemented with 2 mg. per ml. of H,SO, casein hydrolysate 
and 0.4 mg. per ml. of tomato juice eluate or its equivalent? per double 
strength medium. 


Inoculum—L. lactis Dorner, strain 6a,? was carried in stabs containing ! 


1 Callow did use Streptococcus acidi lactici (Streptococcus lactis) for some of her 
work (14). 

2 Tomato juice eluate preparations were kindly supplied by Dr. T. R. Wood. 
These preparations varied somewhat in TJ factor potency and LLD factor content. 
A particular preparation was useful only if the concentration required to give maxi: 
mum growth in the presence of LLD factor did not itself stimulate a titer of more 
than 2 ml. in the absence of LLD factor. 

* This organism was obtained from Dr. Shorb. 
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he per cent dextrose, 1 per cent yeast extract, 0.5 per cent Salts A-B,‘ and 
‘U- 1.5 per cent agar, supplemented with 0.2 mg. per ml. of tomato juice eluate 
ew or its equivalent. A 20 to 24 hour transfer from a stab to liquid medium, 
iat |. similar to the above except for the absence of agar, was used for the inocu- 
nat lum. The broth culture was washed twice with sterile distilled water and 
ind resuspended in 10 ml. of sterile distilled water. 1 ml. of this suspension 
the was diluted further in sterile distilled water to give a reading of 95 on the 
all- | galvanometer of the Evelyn photoelectric colorimeter fitted with a 520 mz 
ted | 


| filter. Stab transfers were made from the broth every 2 weeks and were 
‘act | stored in the cold room. It was found that stabs kept in the cold room 
ase- | more than 2 weeks occasionally failed to give good growth on transfer. 

ddi- | Procedure—Unless otherwise indicated, the experiments were conducted 
nto | in Pyrex test-tubes 22 mm. X 180 mm. (these will be referred to as assay 


that | tubes), containing a total volume of 10 ml., obtained by diluting 


alase | the sample being tested in 5 ml. of water and adding 5 ml. of 
him- double strength medium. Assay tubes were inoculated with 1 drop of 
the standardized suspension of L. lactis Dorner. Although other pro- 
these cedures were adapted to the nature of the experiments and will be described 
‘ound in other sections, assay tube controls, incubated under normal oxygen ten- 
ng of sion, were included in all experiments. All cultures were incubated at 37°. 
robes. Readings were made after 3 days incubation and represent the number of 
table ml. of approximately 0.1 N NaOH required to neutralize 10 ml. of the 
ctors, incubated medium. Averages from duplicate cultures are reported. 
ently Throughout this paper the term LLD factor refers to the specific 
growth-promoting properties of liver concentrate or crystalline vitamin 
‘to: | By for LD. lactis, when grown under the above conditions. 
a Experiments on Effect of Environmental Gas Tension 


In these experiments, the standard procedure, outlined above, was 
varied in the following manner. Shallow layer cultures (10 ml. in 125 ml. 
flasks) were incubated in 8 liter desiccators in the presence and in the ab- 
Stokes | sence of COs. The desiccators were evacuated and flushed three times 











lysate | with the desired gas and then a measured volume of the gas was intro- 
double | duced by displacement of water from a 10 liter reservoir bottle; so that the 

desiccator was filled just short of atmospheric pressure, to allow for expan- 
rining | 


sion in the incubator and to insure against a break in the desiccator seal. 
se of het Alkali was used to absorb CO; present as a contaminant in the gas or pro- 


duced by L. lactis. The LLD growth factor was supplied by a liver ex- 
x. Wool | tract, found to contain 100 LLD units per mg. (1). 


a The results shown in Table I indicate that L. lactis cannot grow in the 
ive max! 


Ir of more ‘Salts A, stock solution, 25 gm. of KzHPQ,, 25 gm. of KH:PO,, water to 250 ml.; 


Salts B, stock solution, 10 gm. of MgSQ,-7H.0, 0.5 gm. of NaCl, 0.5 gm. of 
FeS0,-7H20, 0.5 gm. of MnS0,-4H;0, 0.5 ml. of 12 x HCl, water to 250 ml. 
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absence of COs, even when the LLD growth factor is supplied. Maximum 
growth of this organism occurred in 100 per cent COs, even when liver ex- 
tract, as a source of LLD growth factor, was absent from the medium. 
Lower concentrations of CO. mixed with nitrogen, producing anaerobic 
conditions (5 per cent CQ, in this experiment, 2.5 and 1 per cent in other 
experiments), likewise permitted maximum growth of the organism in 
basal medium. However, growth failed to take place in the absence of 
the LLD growth factor, even under high CO, tension, when air was 
present. It was therefore concluded that, although CO, is essential to the 
growth of the organism, it is not related to the LLD growth factor require- 
ment. The presence or absence of air does affect the requirement for 
this factor. 

To investigate further the relationship between the LLD growth fac- 
tor requirement of L. lactis and the degree of aeration, the response of the 


Tas_e I 
Effect of CO on Growth of L. lactis 
The values are acid (in 10-4 gm. molecule) produced in 10 ml. in 3 d ays. 














| | 
Nature of medium | Air me cent 95 Ms eel! a a Air +. C _ sara 
| | Or | cent COs ‘ Na2CO; CO; 
Basal | Shallow layer culture 1.2 | 1.4 ] 10.6 0.9 | L.7 | i038 
| Assay tube 1.6 | | 
Basal + | Shallow layer culture | 2.9 | 3.0 | 10.6 | 0.9 | 10.3 | 10.4 
LLD* | Aamhy tube | 10.6 | | | 


* The LLD grow th factor content of the medium = 0.01 mg. per ml. of a liver 
extract which contained 100 LLD units per mg. 


organism to given concentrations of the LLD factor in cultures of varying 
depth was determined. The LLD factor was supplied by liver extract and 
by vitamin By, in separate experiments. Fig. 1 demonstrates that in- 
creased aeration decreases the growth response of the organism to a givel 
concentration of vitamin By». There is an inverse relationship between 
the amount of LLD growth factor necessary to allow half maximum 
growth of L. lactis and the depth of the culture. 


Oxidation-Reduction Potentials 


An attempt was made to define the antagonism between the inhibitory 
effect of aeration and the growth-promoting activity of the LLD growth 
factor, supplied as crystalline vitamin By, in terms of oxidation-redut- 
tion potentials. The oxidation-reduction potentials of cultures were de 
termined under conditions of varying oxygen tension in the presence ad 
absence of the LLD growth factor. Platinum wire and saturated cal 
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mel electrodes were inserted directly into the solution or connected with 
an agar salt bridge and the observed potential recorded in millivolts. The 
platinum wire was rinsed in aqua regia, washed with distilled water, and 
heated to red heat before use. Electrodes were tested in buffered quin- 
hydrone solution (pH 4.5 to 4.6) before and after each experiment. 
Preliminary measurements on uninoculated medium demonstrated 
that standardization of procedure was difficult and many variables 
inherent in these measurements were not controlled. The system was 
poorly poised and freshly cleaned electrodes, which gave identical 
readings in quinhydrone solution, gave substantially different readings in 
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culture medium. “Inertia” of electrodes, probably due to polarization, 
was frequently noted after continuous immersion for several hours. 
Measurements on inoculated cultures revealed additional sources of varia- 
tion. A layer containing limited cell numbers, near the surface of deep 
stationary cultures, resulted in non-uniform potential conditions at various 
depths. In shaken or continuously bubbled cultures, air bubbles caused 
difficulty. Consequently, it was concluded that the significance of the 
measured values for individual readings was questionable and only the 
trend of a series of readings could be credited with validity. 

Measurements on uninoculated medium demonstrated that the oxida- 
tion-reduction potential increases with a decrease in pH (16). However, 
repeated measurements on cultures actively growing under microaerophilie 
conditions showed a decreasing potential, even though L. lactis produces 
considerable acid during growth. Measurements were taken on uninocu- 
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lated medium through which oxygen-nitrogen mixtures of varying oxygen 
concentration were bubbled, and in every series the oxidation-reduction 
potential of the medium was directly related to the oxygen tension (17). 
Reducing substances such as ascorbic acid, isoascorbic acid, cysteine, and 
glutathione markedly lowered the oxidation-reduction potential of the 
uninoculated medium, whereas oxidizing agents such as hydrogen peroxide, 
potassium ferricyanide, and potassium permanganate raised the poten- 
tial. 

Of the reducing substances, ascorbic acid and isoascorbic acid were found 
to be most active in maintaining reduced conditions in the uninoculated 
medium, and most effective in stimulating growth of L. lactis in the ab- 
sence of the LLD growth factor. Thus, 0.5 mg. per ml. of ascorbic acid’ 
lowered the FE; of the uninoculated medium from 0.360 volt to 0.170 volt 
and always gave maximum growth of L. lactis in assay tubes, even when 
autoclaved with the medium. Smaller concentrations of ascorbic acid 
failed to produce as low a potential, and growth response in the absence 
of the LLD factor was erratic. Glutathione was observed to undergo 
oxidation during measurement and as much as 5.0 mg. per ml. of medium 
was required to reduce the oxidation-reduction potential of the uninocu- 
lated medium to the same extent and allow maximum growth of L. lactis 
in the absence of added LLD growth factor. Lower concentrations of 
this reducing agent were ineffective in substituting for the growth-promot- 
ing properties of liver extract or vitamin B,. under the same conditions. 

Inhibition of growth was noted when oxidizing agents were added to cul- 
tures. Hydrogen peroxide proved the most effective, but its inhibitory 
effect was overcome by the LLD factor, as will be shown in a subsequent 
section. A similar relationship was noted with potassium permanganate, 
but larger quantities of this oxidizing agent were required. 

An interesting exception to these phenomena was observed in the effect 
of potassium ferricyanide. This oxidizing agent failed to inhibit growth 
and instead had a stimulatory effect in lower concentrations in the ab- 
sence of liver extract or vitamin B,:. Similar stimulation has been noted 
by Knaysi and Dutky with Clostridium (19). They likewise noted the 
relative ineffectiveness of potassium ferricyanide in maintaining inhibitory 
oxidation-reduction potential levels. 


Hydrogen Peroxide 


Since lactobacilli are reported to be catalase-negative (20), the observe 
tion that hydrogen peroxide is highly inhibitory to the growth of L. lactis 
was of considerable interest. For these studies, a modification of the 
potato peroxidase method of Main and Shinn (21) proved to be a simple 


‘ Shive (18) has reported briefly on ascorbic acid substitution for vitamin Bu. 
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and quantitative method for the determination of peroxide. Small uni- 
form cylinders of fresh potato were found to be more satisfactory than 
potato extract. With a small reaction volume (1 ml.) and an accurately 
controlled reaction time (10 minutes) the blue color which developed in 
the presence of o-tolidine could be measured colorimetrically (Evelyn 
photoelectric colorimeter fitted with a 660 mu filter) with a precision among 
replicates of +10 per cent, in a range of 10 to 50 parts per million of H:0O.. 
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Fig. 2. The points represent vitamin B,. required for half maximal growth at 
each H,0; level. 


Standard curves were prepared with H,O, in water solution or in culture 
medium. 

With this method, it was possible to follow the stability of H,O, added 
to medium and to test cultures for peroxide production. In spite of the 
rather rapid decomposition of H,O, when added to autoclaved medium, 
it was found that 10 p.p.m. of added H.O, were definitely inhibitory to the 
growth of L. lactis in assay tubes. The addition of crystalline vitamin By 
overcame this inhibition (Fig. 2). The initial lag in the curve relating 
peroxide addition to vitamin By requirement is very likely due to destruc- 


tion of low concentrations of peroxide through interaction with medium 
constituents. 
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The activity of vitamin By in overcoming the H,O, inhibition cannot be 
attributed to H.O, destruction, because no discernible difference in re- 
covery of added H,O, was found in medium with and without vitamin By, 
Furthermore, it is possible to demonstrate appreciable peroxide formation 
by L. lactis in shallow layer cultures containing as much as 0.1 ¥ of vita- 
min By, per ml. Sterile medium with or without vitamin By, under the 
same conditions, shows no peroxide. Actively growing anaerobic or deep 
layer cultures, which do not require added LLD factor, likewise do not 
show any peroxide. 

To investigate further the relationship between H,O2 and the LLD fac- 
tor, the effect of the removal of peroxide in shallow layer cultures was de- 
termined. This was accomplished by aseptic addition of appropriate 


TaB_e II 
Effect of Pyruvic Acid on Response of L. lactis to LLD Factor in Shallow Layer Culture 

















Pyruvic acid Titer® in res a vitamin H.0; 
mg. per ml. mg. per ml. 
0 2.9 >0.05 

0.13 3.9 0.040 
0.64 5.8 0.036 
1.3 | 6.8 0.020 
6.4 7.9 0.010 
13.0 | 5.8 <0.010 

| 

| 


In absence of vitamin Bis 





0 | 0.9 | <0.010 
6.4 1.3 | <0.010 





* Acid (in 10- gm. molecule) produced in 10 ml. in 3 days. 


quantities of neutralized pyruvic acid, which had been sterilized by filtra- 
tion through a sintered glass filter. By testing for the peroxide content 
of such treated cultures throughout incubation, it was established that 
approximately 6 mg. of pyruvic acid per ml. of culture effectively destroyed 
all peroxide formed in actively growing shallow layer cultures. Table 
II demonstrates that such destruction of peroxide results in effective in 
crease in acid production in response to a given concentration of vitamil 
By. Turbidity readings, not shown in Table II, show a corresponding 
increase in growth. Lower concentrations of pyruvic acid failed to show 
complete destruction of peroxide, and the response of L. lactis to the same 
concentration of vitamin By in these cultures was correspondingly lowe. 
In shallow layer cultures, pyruvic acid failed to stimulate L. Jactis in the 
absence of vitamin By. 
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As a more specific agent for the destruction of peroxide, catalase was 
substituted for pyruvic acid. If the catalase is introduced at the beginning 
of the logarithmic growth phase, even the short period of effective peroxide 
destruction produced by the catalase (4 to 7 hours) is sufficient to result 
in a significant increase in response of the organism to a given concentra- 
tion of LLD factor. Since crystalline catalase was not available, it was 
not possible to add amounts sufficient to destroy peroxide during the whole 
incubation period, and the increase in growth and acid production was 
therefore never as great as that obtained with pyruvic acid. Like pyru- 
vate, in shallow layer cultures the catalase extract failed to produce stimula- 
tion in the absence of LLD factor. 

Unlike pyruvate, which not only destroys peroxide, but also reduces 
the oxidation-reduction potential of the medium by other reactions, 
catalase is only effective in destruction of peroxide. In assay tube con- 
trols, where peroxide formation cannot be demonstrated, only pyruvate 
allows maximum growth of L. lactis in the absence of LLD factor. In 
this respect pyruvate resembles the action of ascorbic acid and glutathione. 

These experiments established the similarity between the increased 
LLD factor requirement of L. lactis artificially produced by the addition 
of H,O2 to assay tube cultures and the increased LLD factor requirement 
observed in aerated cultures where peroxide is produced by the organism. 
Although the relationship between the LLD factor requirement of the or- 
ganism and the peroxide concentration of the medium is clear, the nature 
of the mechanism involved requires further elucidation. It is suggested 
that the observed phenomena involve two metabolic processes: (1) the pro- 
duction of reducing conditions in the culture medium as a result of rapid 
growth of L. lactis, such growth being stimulated at high oxidation-reduc- 
tion potentials by vitamin By: or other sources of the LLD factor; (2) the 
production of HO. when growth takes place under aerated conditions. 
This raises the oxidation-reduction potential of the medium and results in 
cessation of further growth unless more LLD factor is available. The 
LLD factor fails to overcome peroxide inhibition when the concentration 
of the latter is too great. 

The growth of the organism under given conditions is determined by the 
telative rates of these processes. The rates can be shifted by the addi- 
tion of agents which affect the concentration of peroxide, by the addition 
of oxidizing or reducing agents, by increasing or lowering the oxygen ten- 
sion, and by other environmental factors which influence the oxida- 
tion-reduction potential of the culture.* 


‘Since these data were prepared for publication, similar effects of aeration and 
reducing substances have been reported (Kocher, V., Internat. Z. Vitaminforsch., 20, 


369 (1949)). 
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SUMMARY a 


Data have been presented to show that the requirement of Lactobacillus 
lactis Dorner for the LLD factor is related to environmental factors ag 


follows: (Fr 

1. L. lactis fails to grow in the absence of CO, even when the LLD growth | 
factor is present in the medium. 

2. In the presence of CO, anaerobic conditions produced by the addi- TI 
tion of reducing substances, or removal of oxygen from the atmosphere, stud 
or other factors which lower the oxidation potential of the medium, elim- Pres 
inate the requirement for the LLD factor. copp 

3. Aeration or oxidizing agents inhibit L. lactis growth. This inhibition | 5™ 
is overcome by the LLD growth factor. have 

4. The requirement for LLD under aerobic conditions is related to the pry 
peroxide content of cultures. this | 

tract 
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A SIMPLE METHOD FOR DETERMINING SERUM COPPER* 


By JOSEPH C. ROBINSON 
(From the Army Medical Nutrition Laboratory, Department of the Army, Chicago) 


(Received for publication, February 21, 1949) 


The determination of serum copper is of value in a number of metabolic 
studies, particularly in the investigation of the anemia of chronic infection. 
Presented here, together with illustrative data, is a method for determining 
copper in serum, based on the direct extraction of copper carbamate from 
serum with isoamyl alcohol. Burch et al. in their method for serum iron 
have demonstrated that such direct extractions with immiscible solvents 
are satisfactory (1). Simplicity of methodology is the chief advantage of 
this procedure; steps such as dry ashing, wet oxidation, and multiple ex- 
tractions with trichloroacetic acid are eliminated. 

Sodium diethyldithiocarbamate, the reagent used to react with copper 
in this procedure, gives colored complexes with a number of heavy metal 
cations (2). In biological material, however, iron is the chief interfering 
substance. This interference of iron is satisfactorily eliminated by de- 
veloping the copper carbamate complex in an ammoniacal solution con- 
taining pyrophosphate and having a pH 9 or greater (2-4). The color in- 
tensities of other interfering metals such as nickel and cobalt are weight 
for weight only one-twentieth to one-thirtieth as great as that given by 
copper (5). Because the concentration of these ions (Ni and Co) in serum 
is of such a relatively low order, their interference is negligible. 

The final color of the extracted copper carbamate is the result of three 
contributing components: serum copper, copper present as impurity in the 
reagents, and substances other than copper carbamate which are extracted 
from serum by isoamy] alcohol. 

Copper carbamate is soluble in a number of organic solvents in addition 
to isoamy] alcohol, namely ethy] ether, amy] alcohol, amyl acetate, bromo- 
benzene, and carbon tetrachloride (2). Of these reagents, only ethyl ether 


and isoamyl alcohol were tried as extractives. The latter proved to be 
more satisfactory. 


Reagents and Apparatus— 


1, Sodium pyrophosphate. Saturate redistilled water with the salt. 
2. Ammonium hydroxide, 10 to 12 per cent. Distil 28 per cent reagent 


* The opinions expressed in this paper are those of the author, and do not neces- 
sarily represent the official views of any governmental agency. 
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into redistilled water to saturation. Dilute to the required concentration 
with redistilled water. 

3. Sodium diethyldithiocarbamate, 2 per cent aqueous solution. Re. 
move the copper by shaking with carbon tetrachloride which has bee, 
distilled over calcium oxide (6). The solution is stable for some weeks jf 
it is stored in the dark (2). 

4. Isoamyl alcohol. Distil from an all-glass apparatus, saturate with 
water, and store at 4°. 


tract 
to 5 

It 
for s 


per ¢ 





5. Metal-free water. Distilled water, redistilled from a resistant glass: | 
apparatus, should be used in the preparation of all reagents and in the final | 


rinsing of the equipment. 

6. Standard copper solution. Prepare the stock solution by dissolving 
0.3928 gm. of uneffloresced CuSO,-5H,0 in redistilled water and diluting 
to 1 liter. From this stock solution the working standards may be pre. 


pared. It is best to use a solution containing 1 y per ml. because the final 


volume of the aqueous phase should be kept at a minimum. 

7. Test-tubes. 13 X 100 mm., with ground glass stoppers. 

8. Pipettes. Serological, 0.2 ml. graduated to 0.01 ml. 

9. Mechanical shaker, Kahn. 

10. Spectrophotometer. In this laboratory a Coleman model No. 6, 
equipped with 12 X 75 mm. cuvettes, was used. 


Method 


Into each of two glass-stoppered test-tubes deliver exactly 1.0 ml. of 
serum. Add to each of the tubes 0.2 ml. of saturated solution of sodium 
pyrophosphate; mix by tapping gently. To each of the tubes add exactly 
0.04 ml. of 10 to 12 percentammonium hydroxide. Again mix by tapping 

Add 0.2 ml. of sodium diethyldithiocarbamate to one of the tubes; the 
other is the serum blank. Mix and allow to stand for 1 hour. Deliver 
exactly 3.0 ml. of isoamyl alcohol into each tube. Place tubes in a Kahn 
rack, and securely fasten them into a horizontal position on a mechanical 
shaker. (It is convenient to place a sponge against one end of the shaker 
and clamp the rack so that the stoppered ends of the tubes are firmly pressed 
against the sponge.) Shake for 15 minutes. 

Place the tubes in centrifuge cups and cool until the water used in bal 
ancing the cups begins to form crystals of ice. 

Centrifuge at 4000 r.p.m. for 10 minutes. If the minimum required vol 
ume (1.5 ml. for a 12 X 75 mm. cuvette) of extract is not obtained, gently 
shake the precipitate free into the isoamyl alcohol and repeat the centt: 
fugation. 

Carefully pipette the isoamyl alcohol fractions into 12 * 75 mm. tt 
vettes, stopper, and measure optical densities at 440 mu. (If cloudy e& 
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tracts are obtained, place the cuvettes for a few seconds in water warmed 
to 50-60°. 

It is necessary to prepare a reagent blank, substituting distilled water 
for serum, for each series of determinations. Very low readings, 99 to 100 
per cent transmission, are obtained. 












0.16k y COPPER CARBAMATE IN 
E ISO-AMYL ALCOHOL 
“a @ 'SO-AMYL ALCOHOL 
0.146 EXTRACT OF SERUM 
0.13 
O.12F 
> O.1 1k 
= 
Y) 0.10% 
fi 
C 0-09F 
«J 0.08F 
<q 
OS 0.07F 
2. 0.064 
0.05 
0.04% 
0.03F 
0.02 
0.01 
. 400 450 500 550 600 
WAVE LENGTH mal 


Fig. 1. Absorption curves for copper carbamate and for isoamyl alcohol extract 
ofserum. The copper carbamate curve was obtained by measuring the optical den- 
sity of 2.5 y of Cut+, as carbamate, extracted into isoamy] alcohol. 1 ml. of serum 
was used in the extraction from which the curve was obtained. For both curves the 
materials were treated as outlined in the procedure recommended in the text. 


Caleulations—The optical density of the copper carbamate extracted 
from serum is designated O,.., that for the serum blank O,, and that for the 
reagent blank O,. Serum copper, Ogu, is obtained by calculation: 


Oce — (O, + 0,) = Ocu 
Ocu X K X 100 = copper, y per cent 


K is determined from the calibration curve (Fig. 2). In our work K is 
equal to 17.48. 
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EXPERIMENTAL 


As previously mentioned, the final color is due to three components. A 
large percentage of the density of the final color is due to materials ex. 
tracted from the serum other than copper carbamate. This point is dem. 
onstrated in Fig. 1, which shows that the maximum light absorption for 
both an isoamy]l alcohol extract of copper carbamate from aqueous solution 
and an isoamy] alcohol extract of the serum blank occurs in the same general 
region of the spectrum. 


0.12F 
O.11F 
0.10F 
0.09F 
0.08 
0.07F 
0.06F 
0.05F 
0.04F 
0.03F 
0.02F 
0.01 F 
% 05 10 is 20 

GAMMA COPPER PER MILLILITER 

OF WATER 


Fia.2. Calibration curve obtained by extracting copper carbamate from aqueous 
solution with isoamyl alcohol. The conditions of extraction were the same as thos 
outlined in the text, with measurements at a wave-length of 440 mu. The direct 
proportionality is shown between the concentration of copper and the optical density. 


¥ 


OPTICAL DENSITY 








The color concentration relationship of copper carbamate in isoamy] aleo- 
hol is linear up to a concentration of about 2 y (Fig. 2). Above this value, 
however, there is an appreciable deviation from Beer’s law. This shoul 
be borne in mind, particularly when performing recovery experiments; and 
in such experiments, concentration figures should be obtained from a cali 
bration curve rather than by use of the calibration constant. 

As stated at the outset, it is necessary to have the pH adjusted to 90 
greater, in order to prevent the interference of iron. Six different serum, 
treated according to the method above, gave pH readings from 9.88 # 
10.01. 
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TABLE I 
A Recovery of Copper Added to Serum 
ex. | Experiment No. Cu in serum | Cu added Total Cu Cu found Recovery 
m- | * ; ml, ‘ ae 5 
| ye all ae ld a ae al 
eras 1 118 50 168 169 102 
-_ 2 118 50 168 169 102 
ral 3 112 50 162 160 96 
4 112 50 162 162 100 
5 125 50 175 171 92 
6 125 50 175 171 92 
7 118 100 218 214 96 
8 118 100 218 214 96 
9 112 100 212 210 98 
10 112 100 212 206 94 
11 125 100 225 221 96 
12 125 100 225 221 96 
13 118 150 268 278 106 
14 118 150 268 273 103 
15 125 150 275 278 102 
16 125 150 275 275 100 
SS Serer ver <eerr rer eee rere | mere pie 98 
TaBLe II 
Comparison of Determination of Copper with Present Method and Trichloroacetic Acid 
Extraction Method 
. | ‘ — 
Serum No. Present method Method < > twright Difference 
i per 100 ml. serum y per 100 ml. serum 
ueous 1 196 208 —12 
those 2 200 197 +3 
direct 3 143 152 —9 
5 88 | 94 —6 
6 88 94 —6 
ben: 7 194 bi 190 +4 
value, 8 163 168 —5 
should 9 115 115 0 
s; and 10 156 151 +5 
a cali 11 138 | 134 +4 
RR oi. ass kos bus dows anes ah Sentementnee etal vel daneoan —2.5 
0 9 or . 
PY ums, 


).88 to Experiments show a fairly consistent and quite satisfactory recovery of 
added copper (Table I). In order to check the values obtained by this 
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method against those of another, the procedure of Cartwright et al. (7) 
which has been in use in this laboratory for the past year, was chosen, 


The results are presented in Table II. All analyses were performed on | 


serum from subjects who had fasted 12 hours. 

Determinations were performed on three groups of subjects: apparently 
healthy males, apparently healthy females, and male patients with anemiy 
of chronic infection (osteomyelitis). The results are tabulated in Table II] 
The averages for the control groups are less than those reported by Cart. 
wright et al. (7) for their method (males 116 y per cent, females 131 y pe 
cent). However, utilizing this same procedure, we obtained an average of 























TaBLeE III 
Serum Copper Values in Three Groups of Subjects 
Serum specimen No. “Normal” males ‘‘Norma]”’ females ae Si ee 
ea ¥ per 100 ml. serum y per 100 ml. serum pers 100 ad. aa 
1 106 79 133 
2 73 100 190 
3 112 97 168 
4 92 97 175 
5 | 64 | 120 | 124 
6 | 112 125 208 
7 88 94 149 
. 110 119 147 
9 76 
10 92 
Average......... 92 | 104 162 








92 y per cent (the same for the present method) on a group of ten appar 
ently healthy males. 

f} In an attempt to determine the individual variation of the serum copper, 
determinations were made at weekly intervals for a period of 1 month 
four apparently healthy individuals (two males and two females). In the 
males, the differences between the lowest and highest values obtained wer 
8 and 19 y per cent; for the females, 22 and 24 y per cent. 


SUMMARY 


A simple method for determining serum copper, based on the extracti0l 
of copper carbamate directly from serum with isoamy] alcohol, is presented. 
Recovery experiments compare favorably with more complex procedure 

The average value for males is 92 y per cent; for females the average® 











104 
was 


Sar 


La 


SP oe go 
Qnmn=Ho 


(7) 


sen, | 


1 on 


ntly | 


emia 
> Tl, 
art. 
y pet 
ize of 


iia of 
ion 


rum 


appar: 


Oppel, 
nth o0 
In the 
dd. wert 


ractiol 
sented 
edures 
erage I 














J. C. ROBINSON 1109 


104 y per cent. The largest individual variation in serial determinations 
was 24 y per cent in a female subject. 


I wish to express my appreciation to Dr. R. E. Johnson and Dr. F. 
Sargent for assistance in preparing this report. 
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RELATIVE VITAMIN E POTENCY OF NATURAL AND OF 
SYNTHETIC a-TOCOPHEROL* 


By PHILIP L. HARRIS anp MARION I. LUDWIG 


(From the Research Laboratories of Distillation Products, Inc., Rochester, 
New York) 


(Received for publication, December 16, 1948) 


A reasonably accurate estimate of the relative physiological value of 
natural and of synthetic a-tocopherols is needed by the clinician, the phar- 
maceutical industry, and the experimental nutritionist to facilitate their 
use of vitamin E in a more quantitative manner. At present there is pre- 
liminary information available for two species of animals. It was tenta- 
tively established (1) in 1944 that for rats natural d,a-tocopherol possessed 
50 per cent more potency than synthetic dl,a-tocopherol, with resorption 
during gestation as acriterion. In 1947 Hove and Harris reported (2) that 
for rabbits natural a-tocopherol was 22 per cent more active than the syn- 
thetic racemic form, based on effectiveness in curing muscle dystrophy. 

It is now possible to reevaluate the relative potency of d- and of dl,a- 
tocopherol in the rat, based on the results of numerous bioassays in this 
laboratory since 1944, by means of an improved assay procedure (3). From 
these data a new value of 1.36, for the ratio of the potency of natural toc- 
opherol to the potency of synthetic tocopherol, has been obtained. 


EXPERIMENTAL 


The bioassay procedure of Mason and Harris (3) was used, except that 
variations in diet were made as shown in Table I. Statistical treatment of 
the results was based on procedures outlined by Miller et al. (4). 

The natural tocopherols used were all pure compounds, crystals in the 
case of the esters, and were kindly supplied to us by the Chemical Plant 
and the Organic Chemistry Department of Distillation Products, Inc. The 
synthetic tocopherol in these experiments was the international standard, 
dl,a-tocopheryl acetate. 


Results 


Table II shows the relationships obtained during a 3-year period when- 
ever synthetic and natural tocopherol were included in the same bioassay. 
When esters were used, it was found easier to handle the results by re- 
cording the doses as the weight of the tocopherol, calculated stoichio- 


* Communication No. 146. 
1111 
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metrically from the weight of the ester. For example, a dose of 1.099 mg. 
of a-tocopheryl acetate is tabulated as 1.000 mg. of a-tocopherol, a3 


ester. 


The individual values for the ratio of the relative potency of naturgl 


versus synthetic tocopherol vary quite widely, from 1.03 to 1.81. 


How. 


ever, these values are all homogeneous within the limits indicated by ay! 


test. 


TaBLz I 


Composition of Diets Used in Bioassays 


The limits of uncertainty for the individual comparisons also vary, 











Ingredients Diet 30 Diet 39 Diet 301 
per cent per cent per cent | 

ere Oe POT TT Oe: 20 20 22 
ee re: 2 
SS er ee ee ee eee 54 61 
ose alla a aE I ga a 60 
I TEE RPO sc vce cccescccedeces 10 10 
eee Me OE Bi i cece ect eeeeee 4 4 4 
SEs os DEON. isos de. ew SEC ERS 12 12 
EL Ee ee 5 
ne ee 














* Crude casein with the following crystalline vitamins added in amounts suth 
that the final ration contained thiamine hydrochloride 10 y per gm., riboflavin 
10 y per gm., pyridoxine 10 y per gm., niacin 20 y per gm., Ca pantothenate 257 pe 
gm., 2-methyl-1,4-naphthoquinone 50 y per gm., inositol 500 y per gm., and cholix 
chloride 1 mg. per gm. 

t Distilled on a molecular still to remove vitamin E. 

¢t Added to the fat component of the diet as natural vitamin A ester concentratt 
and vitamin D; concentrate to supply 40 units of vitamin A and 4 units of vitamin) Wei 
per gm. of final ration. 


“7 
as shown by the standard errors of the ratios, which range from 0.221 | of the 
0.44. tT 

tocop! 


These variations were taken into consideration in determining a weightél ts 
mean for the ratios and also a standard error of the weighted mean. Th 
value of 1.36 + 0.07 represents the best estimate from these data of tl 


relationship between the potency of natural a-tocopherol versus synthelt | (Gee 4 
a-tocopherol. The standard error of the weighted mean, --0.07, indicate pwr 
Tom ¢ 


that in another similar series of comparisons between the two types of¢ 


tocopherol the weighted mean would fall within 1.29 and 1.43, with a prob oon 
ability of 2 out of 3. +W 

It should be noted that this relationship in potency, 1.36, applied bob | and 
to the comparison between free d,a-tocopherol and free dl,a-tocophert | and H 


and to that between esterified d, a-tocopherol and esterified dl , «-tocopherl 
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Tasie II 
Relative Vitamin E Potency of Natural and Synthetic a-Tocopherols 





erner ~ be aa ‘ B atio, 
. F. D. dl,a- 
Assay date Diet No. No. of tocopherol 8. B. of 





Natural | Synthetic} 4. F. D. d.a- ratiog 


= tocoph- tocopherol 
erolf erol 





d,a-Tocopheryl esters vs. dl,a-tocopheryl acetate (international standard) 
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mg. mg. 

Jan., 1945 30 30 0.54 0.84 1.56 0.36 
Apr., 1945 39 36 0.67 1.05 1.57 0.36 
Sept., 1945 39 38 0.47 0.65 1.38 0.27 
Nov., 1945 30 36 0.42 0.76 1.81 0.43 
May, 1946 301 48 0.61 0.75 1,23 0.26 
July, 1946 301 36 0.50 0.57 1.14 0.26 
Sept., 1946 301 62 0.44 0.72 1.64 0.42 
Nov., 1946 301 55 0.38 0.53 1.39 0.37 
Feb., 1947 30 38 0.40 0.41 1.03 0.39 

“1947 301 25 0.43 0.52 1.21 0.25 
Apr., 1947 301 49 0.37 0.42 1.14 0.44 
June, 1947 301 51 0.40 0.61 1.53 0.22 
July, 1947 301 35 0.43 0.46 1.07 0.25 
Sept., 1947 301 45 0.45 | 0.53 1.18 0.31 
Oct., 1947 301 45 0.34 0.54 1.59 0.28 

d,a-Tocopherol vs. dl, a-tocophero! (Merck) 

Feb., 1946 301 49 0.60 0.81 1.35 0.26 

“1947 30 36 0.44 0.60 1.36 0.40 

rT GN Ue WS io ccccccccceeebeeebaceeue wee. 1.36 + 0.07 











* The weights of tocopherol were calculated stoichiometrically from the weights 
of the esters. 

{ The first sample was pure d,a-tocopheryl acetate. All others were pure d,a- 
tocopheryl succinate. 

} Standard error of the ratio, or of the comparison, between M. F. D. values = 


8.E.¢ 8 8.E.ai 8 
“ if (5 F. ) “ (= F. =) 
(See Arkin and Colton (6).) s.#.¢ and s.£.a are standard errors of the M. F. D. 
values of d,a-tocopherol and dl,a-tocopherol respectively. They are calculated 
from the dose-response curve, as illustrated by Miller and Tainter (7). The standard 
errorof an M. F. D. represents the range within which the M. F. D. value will fall 
in 2 out of 3 subsequent bioassays. 
§ Weighted mean = &(We X ratio)/Z(We), where Wz = 1/(s.u. of ratio)* (Mason 
and Harris (3)). The standard error of the weighted mean = ++/ 1/2(W,) (Mason 
and Harris (3)). 
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Since dl,a-tocophery] acetate has a potency of 1.0 international unit per 
mg. by definition (5), it is now possible to express an international unit 
equivalency for d,a-tocopheryl esters. 1 mg. of dl,a-tocophery] acetate = 
1.00 1.vU., or 1 mg. of dl,a-tocopherol, as an ester, = 1.10 I.u. Since the 
d isomer is 1.36 times as active as the dl form, 1 mg. of d,a-tocopherol, 
as ester, = 1.10 X 1.36, or 1.50 L.v. 

The relatively great variation in median fertility dose from one bioassay 
to another, while having no bearing on potency ratios, is a bothersome fae. 
tor in the bioassay procedure and deserves some discussion here. It is 
evident that in a method which requires 0.34 mg. of pure vitamin E one 


time (assay of October, 1947) and 0.67 mg. of the same material another 


time (assay of April, 1945) to induce the same physiological response ther 
are factors of diet, of technique, or of animals which are not being main- 
tained constant from one bioassay to another. We have tried to eliminate 


this variation in values of median fertility dose between assays without | 
success so far. Diet ingredients have been purchased in large quantities | 


and so the same ingredients were used in several successive assays. Diets 
were compounded carefully by weight and frequently (every 4 days) to 
prevent changes due to long or variable storage. The same individual per- 
formed all of the animal manipulations in successive assays and tried to 
maintain constant each step in the procedure. The rats were produced in 
our own breeding colony under as uniform conditions as possible. Varia. 
tions in median fertility dose between assays still occurred and we are con- 
tinuing the search for the variable factor involved. Table I shows some d 
the variations in diet which were made during the course of our exper 
ments. The results obtained with each of these diets are not detailed, since 
they showed that values of the median fertility dose were not influenced by 
these changes in diet. 


SUMMARY 


Vitamin E bioassays were carried out in which the potency of naturl 
d,a-tocopherol, free and esterified, was compared with comparable form 
of synthetic dl,a-tocopherol. Prevention of fetal resorption during gests- 
tion in rats was used as the criterion of physiological response. 

Natural d,a-tocopherol was found to be 1.36 (0.07 standard error) the 
potency of synthetic dl,a-tocopherol. This relationship applied both 
the comparison between free d,a- and free dl,a-tocopherol, and to thst 
between esterified d,a- and esterified dl,a-tocopherol. 

a-Tocopherol, in natural d a-tocopherol esters, can be expressed in teri 
of international units; ¢.g., d,a-tocopherol, in ester form, is equivalent 
1.5 1.v. of vitamin E per mg. 
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LIPOGENESIS FROM GLUCOSE IN THE NORMAL AND 
LIVERLESS ANIMAL AS STUDIED WITH 
C*-LABELED GLUCOSE* 


By E. J. MASORO, I. L. CHAIKOFF, anp W. G. DAUBEN 


(From the Division of Physiology of the Medical School, and the Department of 
Chemistry, University of California, Berkeley) 


(Received for publication, January 22, 1949) 


Since the experimental demonstration that fatty acids can be synthe- 
sized from carbohydrate in the animal body, there has been much specula- 
tion on the site or sites where this biochemical process occurs (1-7). It is 
generally accepted that the liver is a site for conversion, but conclusive 
proof of its occurrence in extrahepatic tissues has yet to be presented. 
The availability of C’*-labeled glucose has made possible a direct study 
of the incorporation of glucose-C™ into the carbon chain of fatty acid 


molecules. We wish to report here results obtained with both normal 
and eviscerated animals. 


EXPERIMENTAL 


Treatment of Mice and Rats before Experimental Run—For 2 or more 
weeks before the experimental runs, the animals were fed ad libitum a 
high carbohydrate diet composed of 60 per cent glucose monohydrate, 
22 per cent casein (Labco, vitamin-free), 6 per cent brewers’ yeast, 6 per 
cent Hawk-Oser salt mixture (8), and 6 per cent Cellu flour. The yeast 
furnished the only source of fat in this diet. Mice treated as described 
above were weighed daily, and only those whose weights remained constant 
throughout a 2 week period were selected for study. 

Collection of Expired CO,—Each mouse was placed in a glass metabolism 
cage which was ventilated continuously with CO,-free air at 27-28°. The 
air collected from the cage was passed through a column of carbonate-free 
NaOH (17 m.eq. per mouse were used for each hour of COQ, collection). 
A porous glass disk at the bottom of the column served to break the stream 
of air into fine bubbles. The NaOH-Na,zCO; mixture obtained was made 
to volume with CO.-free distilled water, and two aliquots were used for 
the determination of its CO, content. One was titrated with 0.1 n HCl 
to the brom cresol green end-point; this provided a measure of the total 
amounts of NasCO; and NaOH present. An excess of BaCl; was added 


* Aided by grants from the American Cancer Society (recommended by the Com- 


mittee on Growth of the National Research Council) and the Corn Industries Re- 
search Foundation. 
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to the other mixture which was titrated with 0.1 Nn HCl to the phenol. 
phthalein end-point; this titration represented the unused NaOH. The 
BaCO; mixture was centrifuged and the precipitate washed with distilled 
water. The radioactivity of the BaCOs was determined as described 
below. 

Evisceration of Rats—The superior mesenteric artery, the celiac axis 


and the portal vein were ligated in the order listed. The celiac axis was | 
tied above the origin of the hepatic artery. Ligatures were then placed | 
at the lower ends of the esophagus and rectum, and the entire gastro. | 
intestinal tract, spleen, and pancreas were excised. The ligature applied | 
to the rectum was arranged so as to occlude the inferior mesenteric artery, | 
This operation results, essentially, in a functionally liverless rat, for, | 
although the liver remains in situ, it is deprived of its portal and hepatic | 


blood supplies. 

Extraction of Tissue Fatty Acids—Immediately after their removal from 
the animal, the tissues were placed in hot 30 per cent KOH solution (2 ee. 
per gm.) and heated for 18 hours on a steam bath. The mixture wa 
allowed to cool, and extracted three times with a huge excess of petroleum 
ether. The three petroleum ether extracts were combined and evaporated 
to a small volume, and the concentrated petroleum ether was washed with 
distilled water to remove soaps that might have entered it. The water 
extract was added to the aqueous residue. 

The aqueous residue was acidified (pH 3 or lower, as judged by brom 
cresol green) and its fatty acids extracted thoroughly with petroleum ether. 
The petroleum ether extracts were combined and made to volume. A 
aliquot of this solution was transferred to a tared flask and its fatty acid 
content determined by weight. The fatty acids of another aliquot wer 
oxidized by means of the Van Slyke wet combustion solution (9) and th 
liberated CO, collected as BaCO;. The BaCO; was mounted on a 
aluminum plate and its radioactivity measured as described below. 

Isolation and Identification of Palmitic Acid—A petroleum ether solution 
of fatty acids was evaporated and the residue dissolved in methanol. Th 
methanol solution of fatty acids was hydrogenated over platinum oxi 
at atmospheric pressure. After the catalyst had been removed by filtt 
tion, sulfuric acid was added to the methanol solution and the mixtur 
heated under a reflux for 1 hour. The crude methyl esters were isolatel 
in the usual manner and distilled according to the amplified distillatio 
procedure of Weitkamp (10), with “Eureka white oil.” A column will 
packing, as described by Mitchell and O’Gorman (11), was employed ft 
the distillation. The oil-diluted fraction containing methy] palmitate w# 
hydrolyzed by heating with a solution of potassium hydroxide in isobutf 
alcohol. The hydrolysate was then acidified and extracted with hexalt 
The hexane extract was washed with water and then shaken with an exce# 
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of aqueous potassium hydroxide. The two layers were not separated, but 
in order to insure complete conversion of palmitic acid to its potassium 
salt, the hexane was boiled off. The resulting aqueous solution of potas- 
sium palmitate was first washed with hexane to remove the carrier oil and 
then acidified. It was also warmed to insure complete reaction. The 
cooled mixture was filtered and recrystallized, once from 50 per cent aque- 
ous acetone and once from hexane. 

Determination of C™ Content of BaCO;—The BaCO; was suspended in 
95 per cent ethanol and the mixture finely ground. It was then trans- 
ferred to an aluminum plate where the ethanol was evaporated with the 
aid of heat from an infra-red lamp. The details of this procedure, as well 


as the method for the determination of the radioactivity of the mount, 
have been described by Dauben et al. (12). 


Incorporation of Glucose-C™ into Fatty Acids by Normal Mouse 


The experimental runs lasted for 24 or 48 hours during which the mice 
had access to water and to the high carbohydrate diet described above 
which had been thoroughly mixed with a sample of C'*-labeled glucose.’ 
The glucose and C" ingested by each mouse were determined by an analysis 
of the uneaten portion of the diet. 

At the end of the experimental run, the mice were killed with an in- 
traperitoneal injection of nembutal. In Mice 1, 2, 3, 6, and 7, the livers 
and the carcasses were analyzed separately; in these animals the term 
carcass, therefore, refers to all tissues with the exception of the liver. 

In the case of Mice 4 and 5, separate analyses were made for the liver 
and small intestine. Thus the term carcass here refers to the whole mouse 
less these two organs. 

The results obtained in seven mice, five of which were sacrificed 24 
hours, and two, 48 hours, after the feeding of the radioglucose was begun, are 
recorded in Table I. At the 24 hour interval, 10 to 15 per cent of the 
glucose-C* was recovered in the fatty acid fraction isolated from the 
whole animal. The actual amounts of the ingested? glucose that had been 
converted to fatty acids were obtained by multiplying the numerical 
proportions of the C™ recovered as fatty acids by the total mg. of glucose 
ingested. The values are recorded in Table I. Thus in 24 hours, from 
175 to 265 mg. of ingested glucose were converted to fatty acids and, in 
48 hours, 459 to 680 mg. 

The C™ incorporated into liver fatty acids accounted for less than 2 per 


‘We are indebted to Dr. W. Z. Hassid for the radioactive glucose used in this 
study, 

*It should be noted that the mice had access to the diet containing the radio- 
active glucose throughout the entire period of observation, i.e., up to the time they 
were sacrificed. The unabsorbed glucose was not measured. 
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cent of the administered C“. This was true for both intervals studied, 
The isotope concentrations of the fatty acids of this tissue are of con. 
siderable interest and the values (specific activities) are recorded in Table 
II. The fact that the specific activities of the liver fatty acids so exceed 
























































TaB_e I 
Fate of Glucose in Mouse 
ie Per cent of ingested C¥# i In- | Per cent 
Mouse : seed Bay Glucose- apt ar ed Glucose ps a—-. ‘eae 
No.* | w isolated experi-| ; cu ‘ in- con- con. | 2ccounted 
S | from t | ingested |p naled Fatty acids gestedt| verted | 00/4 | for in C0, 
“| mouse — COs to fatty! +, co, | and fatty 
4 Liver |Carcass | Total acids acids 
counts i 
gm. mg. hrs. | per min. mg. mg. meg. 
X 108 
1 co 20 | 2640 | 24 | 0.853 | 70.5 | 1.5 8.3 9.8 | 1790 | 175 | 1260 | 80 
2 o'| 18 | 1770 | 24 1.250 | 61.5 | 1.7 8.4f)10.1 | 1810 | 182 1110} 7 
3 o| 19 | 1950 | 24 1.163 | 61.8 | 1.8 | 10.0¢/11.8 | 2210 | 265 | 1360| 7% 
4 2] 20 | 3096 | 24 0.455 | 67.6 | 1.9 | 12.9$ 15.4 | 82 
5 Q| 25 | 4117 | 24 0.650 | 61.5 | 1.9 | 12.3§14.5 | 75 
6 o| 20 | 2110 | 48 1.534 | 75.8 | 0.2 12.6$12.8 3480 | 446 2640 | 89 
7 o| 23 | 2860 | 48 1.520 | 84.5 | 1.4 14.8$16.2 4210 | 680 | 3560 | 101 














* Mice 4 and 5 were of the C57 black strain; the rest were of the Lister ABC strain. 
+ The mice were sacrificed at 6.00 p.m. 

t All tissues except liver. 

§ All tissues except liver and small intestine. 











TaB_e II 
Specific Activity of Fatty Acids in Various Mouse* Tissues 
Specific activityt of Mouse 1|Mouse 2/Mouse 3|Mouse 4|Mouse s{Mouse 6|Mouse 7 
Liver fatty acids................... 185 | 400 | 363 | 112 | 114 | 154 | 38 
Intestine fatty acids............... 44 48 
Carcass fatty acids................ 27t | 61t| 61t | 20§ | 20§| 92t| 8 























* Mouse species same as for Table I. 

t Specific activity = C' counts per minute per mg. of fatty acids. 
t All tissues except liver. 

§ All tissues except liver and intestine. 


those of the carcass (body minus liver) makes it appear unlikely that the 
fatty acids of the liver originate in extrahepatic tissues, but, since the 
specific activities of each of the extrahepatic tissues were not measure 
separately, this interpretation may be open to question. 

The specific activities of small intestine fatty acids were determinel 
in two mice (Nos. 4 and 5) and the results are recorded in Table II. Tht 

















wa 
Ea 
it | 


dle 


train. 


nat the 
vce the 
pasured 


. 























MASORO, CHAIKOFF, AND DAUBEN 1121 


fact that the values were more than twice those of the carcass implies, 
as already pointed out by earlier investigators (13), that this tissue is a 
site for lipogenesis. But the higher specific activities found for liver fatty 
acids do not exclude the possibility of the liver as a source of intestinal 
fatty acids. 

The mouse fed a high carbohydrate diet and maintained in the steady 
state oxidized more than 60 per cent of the ingested glucose in 24 hours 
and in 48 hours (Table I). The percentages oxidized, in addition to those 
converted to fatty acids, accounted for most of the carbohydrate ingested 
in 24 and 48 hours. 


Conversion of Radioglucose to Fatty Acids by Normal and Eviscerated Rats 


Immediately following evisceration and while still under anesthesia, 
the rats were shaved on an area between the shoulder blades. This area 
was used for the subcutaneous injection of the C'-containing glucose. 
Each rat received four injections of the C'‘-glucose, the first as soon as 
it had recovered from the anesthetic, the other three at successive intervals 
of 2 hours. At each interval, the rat was also injected subcutaneously 
with unlabeled glucose (2 gm. per kilo) in a different region; this adminis- 
tration of carbohydrate served to prevent hypoglycemia. Each rat thus 
received, at 0, 2, 4, and 6 hours after the functional hepatectomy, two 
injections of glucose, (1) the C'*-labeled glucose, and (2) unlabeled glucose. 
The rats were sacrificed 2 hours after the last injection. 

Two normal rats were used as controls. One of these (Rat T1) was 
subjected to a sham operation in which the abdominal cavity was opened 
and the viscera manipulated before the rat was injected with glucose as 
described above for the eviscerated rat. The other normal rat (No. N1) 
was not operated on and was injected only with the C'-glucose. 

A measure of the unabsorbed C*-glucose was obtained as follows: At 
the end of the period of observation (i.e., 8 hours after the first injection 
of the C-labeled glucose), the rats were anesthetized with ether. Ap- 
proximately 10 sq. cm. of the skin in the region of the C™ injection, and 
an equal area of the subcutaneous tissues, were excised and homogenized 
with 10 per cent trichloroacetic acid. The area over the denuded muscle 
was wiped with cotton and the cotton transferred to the homogenizer. 
The homogenate was then centrifuged and the precipitate washed. The 
combined supernatant and washings were analyzed for radioactivity. 
The amounts of C'*-glucose absorbed are recorded in Table III. 

8 hours after the first injection, 2 and 3 per cent of the administered 
glucose-C were incorporated into fatty acid molecules by the normal rat 
(Table III). It is clear from Table III that this conversion also takes 
Place in the rat deprived of functioning hepatic tissue. That it proceeds 








1122 LIPOGENESIS FROM GLUCOSE 


at an appreciable rate in the functionally hepatectomized rat is the sur. 
prising result brought out here. 

Proof that the livers of Rats Hl and H2, which remained in situ, could 
not have contributed to the incorporation of the glucose-C™ into the fatty 
acid molecules to any appreciable extent is provided in Table III. Thys 
only 0.001 per cent of the administered C'* was recovered in the fatty 
acids of the livers of Rats H1 and H2, a value approximately 1 per cent 
of that found in the liver of the normal rats (Nos. N1 and N2). 

Palmitic acid was isolated from Rats H1 and T1 by the method described 
above. White plates of palmitic acid were obtained whose melting point, 
61-62°, is in good agreement with reported values. 


TaBLeE III 
Fatty Acid Formation in Normal and Hepatectomized Rats 
All observations made 8 hours after first subcutaneous injection of C'*-glucose. 





—— 
IPer cent of injected 
C¥ recovered as | Specific activities’ 











| Fatty | fatty acid 
Rat No.| Condition | Weight | 8cid con-| “injected | i Seng 
rat | | Body | Body 
| Liver | Body | fatty | palmitic 
| | | acids | acid 
pm | om [ome | | 

N1 | Normal | 200 | 18.5 | 18.7 | 0.09 | 2.0 | 21 
T1 | Operated, control | 125¢| 7.4 | 18.7 | 0.10 | 3.0 | 79 | 8 
Hi | Eviscerated | 122¢ | 10.1f | 19.9 0.001; 4.2 | 84 104 

H2 - | 122¢ | 9.2% 14.0 0.001 | 1.5 | 2 











* Specific activity = C' counts per minute per mg. of fatty acids. 
+ Preoperative weights. 
t Fatty acids determined after evisceration. 


The pure palmitic acid was oxidized and its specific activity determined. 
The results are recorded in Table III. In each experiment, the specifi 
activity of the isolated palmitic acid agreed closely with the specific activity 
of the petroleum ether extract of fatty acids. 


DISCUSSION 


The experiments that favor the liver as a probable site for the synthess 
of fatty acids from carbohydrate have been assembled by Longenecket 
(2) and by McHenry and Cornett (5). Among these, the experimetl 
carried out by Barrett, Best, and Rideout (1) is significant. They fel 
rats deuterium-containing fats for 14 days and thereby labeled the body 
fatty acids. The finding that the subsequent feeding of a deuterium-fre, 
high carbohydrate diet for 7 days resulted in a pronounced dilution af 
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liver fatty acids and little dilution in the body fatty acids led these workers 
to conclude that the conversion of carbohydrate to fat may have taken 
place entirely in the liver. 

Waelsch, Sperry, and Stoyanoff (14) compared the deuterium concentra- 
tion of fatty acids in liver, intestine, brain, and carcass in rats whose body 
fluids had been enriched with deuterium for 4 to 7 days while being fed a 
diet high in carbohydrate and almost devoid of fat. In the adult rat, the 
highest atom per cent deuterium was found in the liver; the values for 
intestine, although lower than those of the liver, were nevertheless much 
higher than those for brain and carcass. Such observations have also 
been interpreted to implicate the liver as a site of conversion of carbo- 
hydrate to fatty acids. 

These same investigators (15) observed that, in the 19 day-old rat which 
had received heavy water from the 15th to the 19th day of life (7.e., the 
period of most active myelination), the deuterium concentration of brain 
fatty acids was 0.24 atom per cent as compared with 0.32 and 0.34 for 
liver and intestine fatty acids, respectively. The fact that the fatty acid 
content of the brain doubles in rats between the ages of 15 and 19 days, 
coupled with the assumption that the breakdown of fatty acids in the 
young rat brain proceeds at the same slow rate as that in the adult brain, 
led these investigators to conclude that the deuterium concentration of 
the brain fatty acids was approximately twice as great as that measured 
and considerably higher than that found for any of the other tissues of 
the mothers or of the young rats. They therefore argued that the de- 
posited fatty acids could have originated only in syntheses in the brain 
itself. 

The evidence for the conversion of carbohydrate to fatty acids in the 
tissues, other than liver, of the adult animal is of an indirect nature and 
hence not conclusive. Tepperman, Brobeck, and Long (4) clearly estab- 
lished that the r.q. of eviscerated rats, previously trained to consume their 
daily ration in 3 hours, rises above unity. These rats received both 
glucose and insulin immediately following evisceration. The Yale in- 
vestigators suggested that the conversion of carbohydrate to fatty acids 
was chiefly responsible for these high r.q. values. It has been recognized 
for some time, however, that R.q. values observed after evisceration must 
be viewed with caution as indicators of the nature of the metabolic activity 
of this preparation (16), a fact fully recognized and evaluated by Tepper- 
man et al. in their studies. The r.Q. data obtained for surviving slices of 
adipose tissue have similarly been interpreted to indicate an extrahepatic 
conversion of carbohydrate to fatty acids (7). Suggestive evidence that 
fatty acid synthesis can occur in the brain of the 40 day-old rat, but at a 
slow rate, has been presented by Waelsch et al. (17), and recently a claim 
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for such a synthesis in adipose tissue has been made by Shapiro 
and Wertheimer (18). 

In the adult rat which had received a high carbohydrate diet and heayy 
water, Bernhard and Bullet (13) found an occasional higher value for 
the deuterium concentration of intestinal fatty acids than for any of the 
other tissues examined. They therefore stated that the intestine is g 
site of fatty acid synthesis. But their observations have not been con. 
firmed here nor by Waelsch et al. (14). 

As judged by the results presented here, the conversion of glucose to 
fatty acids is not limited to a single tissue in the adult rat. Its occur. 
rence in the liver is implied by the higher specific activities of fatty acids 
in the liver than in the carcass. The isolation of C'-containing palmitic 
acid from the eviscerated rat that had been injected with C'*-glucose 
can leave no further doubt that the conversion of carbohydrate to fatty 
acids proceeds in one or more of the extrahepatic tissues. But the r. 
sults presented here should not be interpreted as minimizing the impor. 
tance of the liver in this conversion. 

The large amounts of glucose-C“ incorporated into fatty acid mole- 
cules show that conversion to fatty acids is a significant metabolic path- 
way for ingested glucose. This has already been pointed out by Pauls 
and Drury (19) and by Stetten and Boxer (20). The values reported 
in"our investigation, namely 10 to 15 per cent in 24 hours and 12 and 16 
in 48 hours, for the conversion of the ingested? glucose-C™ to fatty acids 
are minimum values, since they do not take into account the amount of 

C-labeled fatty acids that were degraded during these periods. 


SUMMARY 


The conversion of carbohydrate to fatty acids was studied in the mouse 
and rat with C-labeled glucose. 

1. In the mouse maintained on a high carbohydrate, fat-free diet, 10 
to 15 per cent of the ingested glucose-C'* was incorporated into fatty 
acids in 24 hours, and 12 and 16 per cent in 48 hours. 

2. In this mouse, more than 60 per cent of the ingested glucose-C™ was 
eliminated as CO, in 24 and 48 hours. Thus in the fed mouse,’ nearly 
all of the carbon of the ingested labeled glucose was accounted for by 
fatty acids and CO,. 

3. The specific activities of the fatty acids of liver and small intestine 
were much higher than that of the rest of the mouse. The finding of the 
highest values in the liver (3 times those of the small intestine and about 
6 times those of the carcass) is interpreted to favor the liver as a primary 
site of synthesis of fatty acids from glucose. 

4. In 8 hours, about 2 per cent of subcutaneously injected glucose-C" 
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was converted to fatty acids by the normal rat. C™ was also recovered 


" in fatty acids of the rat that had been deprived of both liver and gastro- 
| intestinal tract. 

Y | 5. C'-containing palmitic acid was isolated from eviscerated as well 

" | as normal rats that had received C'-labeled glucose. The finding of an 

— appreciable amount of C™ in the palmitic acid isolated from the evis- 

‘e cerated rat demonstrates that the conversion of carbohydrate to fatty 
acids proceeds significantly in tissues other than the liver and intestine. 
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THE DETERMINATION OF FUMARIC ACID IN ANIMAL 
TISSUES BY PARTITION CHROMATOGRAPHY 


By LAWRENCE M. MARSHALL,* JAMES M. ORTEN, anp ARTHUR H. SMITH 
(From the Department of Physiological Chemistry, Wayne University 
College of Medicine, Detroit) 
(Received for publication, February 14, 1949) 


The present investigation arose from a need for a method of analysis 
that would permit the estimation of the small quantities of fumaric acid 
alleged to be present in animal tissue. Annau et al. (1) suggested the 
possible metabolic significance of fumaric acid, and the “citric acid” 
cycle of Krebs (4), which followed promptly the demonstration by Orten 
and Smith (9) of citric acid precursors in the dog, attracted attention to 
the biological importance of certain other related organic acids. Although 
schemes of analysis for fumaric acid exist, the early methods either lacked 
sensitivity or specificity or required equipment which prevented their 
wide application. The methods of Annau et al. (1) and of Massart and 
van Grembergen (8) employed an extraction of the acid and final volu- 
metric measurement with standard potassium permanganate solution, 
whereas Krebs and coworkers (5) measured the fumaric acid after reduction 
to succinic acid. Szegedy (11) used addition reactions with bromine, 
while Stotz (10) measured the mercury held in mercurous fumarate pre- 
cipitates. Polarographic methods were developed by Giovanni and Rao 
(2) and by Warshowsky and coworkers (12). The method of Isherwood 
(3) for the determination of organic acids in fruits suggested the possibility 
of adapting the chromatographic technique to this problem. The theory 
of chromatography developed by Martin and Synge (7) provided direction 
for the investigation from which evolved the method herein described. 
This procedure, in our hands, also appears suitable for succinic, malic, and 
citric acids as well. The present report presents the detailed procedure 
for the measurement of fumaric acid which has been employed in our 
laboratory (Marshall, Orten, and Smith (6)). 

The principle of the method involves the transfer of the organic acids of 
the sample to a non-aqueous phase, an amy] alcohol-chloroform mixture, 
which is then passed through a column of specially treated silica gel; a 
physicochemical separation of the organic acids is thus accomplished. As 


* The data in this paper have been taken from the dissertation submitted by 
Lawrence M. Marshall for the degree of Doctor of Philosophy, Wayne University, 
1949. Junior Fellow, National Institute of Health, 1946-48. Present address, 
Howard University School of Medicine, Washington. 
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will be described in detail later, further separation of fumaric acid from 
other organic acids, which are released from the column at nearly the same 
time, can be accomplished on rechromatographing the effluent and using 
a lower proportion of amyl alcohol to chloroform. The final measurement 
involves titration with standard alkali of fractions of the effluent and the 
values obtained describe a curve which approximates the normal curve of 
error. The reproducible location of the mode of this curve at the same 
position on the abscissa under comparable experimental conditions demon- 
strates the specificity of the method. A colorimetric method (Marshall, 
Orten, and Smith (6)) shown to be specific for fumaric acid, though less 
sensitive, was employed as a further procedure for verification. 

Reagents—Acid acetone. 6 ml. of 10 Nn sulfuric acid diluted to 1 liter 
with acetone. 

Amy] alcohol, tertiary. Eastman; sp. gr., 20/20, 0.815. 

Amy] alcohol-chloroform mixtures. The calculated volume of amyl 
alcohol diluted to 1 liter with chloroform. 

Butanol (normal). Baker’s Analyzed; sp. gr., 25°, 0.8080 (buty! alcohol, 
normal). 

Butyl alcohol-chloroform mixtures. The calculated volume of butyl 
alcohol was made up to 1 liter with chloroform. 

Chloroform. Baker and Adamson; sp. gr., 20/20, 1.490. 

Fumaric acid. M.p. 286°; neutralization equivalent 58; sublimes at 
200°. Chas. Pfizer and Company, Brooklyn, New York. 

Silica gel. Commercial sodium silicate was allowed to stand for 10 to 24 
hours under 4 liters of water. The solution was filtered and an approxi- 
mate value for total solids was obtained; this guided the dilution so that 
the sodium silicate solution had a final concentration of 20 + 2 per cent 
(weight per solution volume). Several drops of methy! orange were 
added and 10 n hydrochloric acid was added in a fine stream until the 
indicator became pink. 150 to 200 ml. were then added in excess and the 
mixture was allowed to stand for 3 hours, after which it was filtered ona 
Biichner funnel. The gel was suspended in 3 liters of 10 n hydrochloric 
acid overnight, filtered by suction, and washed with 5 liters of 5 Nn hydro- 
chloric acid, 10 liters of distilled water, 10 liters of absolute alcohol, and 
finally 5 liters of dry ether. The powder was dried in a warm current of 
air and, after standing 2 weeks, was suspended in 4 liters of 10 n hydro 
chloric acid and allowed to stand overnight. The material was filtered 
by suction, washed with 5 liters of 5 Nn hydrochloric acid, 50 liters of water, 
and 10 liters of absolute alcohol containing 1 per cent (by weight) of 10% 
sulfuric acid. Washing with ether completed the process. The gel was 
air-dried and before using was dried for a minimum of 24 hours over 
phosphorus pentoxide. That silica gel which passed, with gentle brushing, 
through a No. 90 mesh sieve was used. 
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Thymol blue indicator. 40 mg. of thymol blue were triturated in a 
mortar with 4 ml. of 0.1 N sodium hydroxide. The solution was washed 
into a 200 ml. volumetric flask, made to volume with water, and filtered. 


Procedure 


Calibration—3 ml. of a solution of 0.5 N sulfuric acid are added to 3 gm. 
of dried silica gel. To this mixture are added 35 ml. of chloroform and the 
suspension is introduced into an 8 mm. glass tube, 1 meter in length, and 
closed at the bottom with a cotton plug fitted into a slightly constricted 
end. Chloroform is allowed to pass through the tube until the column 
settles as a contiguous mass. The surface of the column is kept moist with 
1 ml. additions of chloroform. When the column settles as a single mass, 
the last portion of chloroform on the surface of the column is allowed to 
disappear and immediately 1 ml. of a 1 mg. per cent solution of pure fumaric 
acid in a 10 per cent amyl alcohol-chloroform mixture is added. Immedi- 
ately after the pure fumaric acid solution has drained into the column, | ml. 
of 5 per cent amy! alcohol-chloroform is introduced; two additional sepa- 
rate portions are added, each being allowed to drain into the column. 
When the last added portion disappears, the receiver is changed to a 25 
ml. test-tube in a rack which contains thirteen (or more) similar test-tubes, 
the tubes being identified by number, i.e. Tube 1, 2,3, etc. The column 
is quickly filled with 5 per cent amyl alcohol-chloroform, the meniscus 
of which becomes the zero on a movable “volume flow’ scale placed 
against the column. The collecting tubes are changed so that the numbers 
on the receivers correspond to the interval opposite the falling meniscus, 
i.e. Tube 2 at scale interval 2, Tube 3 at scale interval 3, etc. The scale 
is prepared from wood strips having the dimensions of an ordinary meter 
stick with a scale graduated so that the length of the intervals on the scale 
progresses geometrically. Interval lengths are thus the products of 1.25 
and the antilogarithm of 0, 0.05, 0.10, 0.15, 0.20, etc. The value 1.25 is the 
height of a 0.5 ml. volume of water standing in the glass tubing selected 
for the columns used. Collection of the samples in geometric progression 
as described reduces the titration error, particularly in the later samples 
which would contain increasingly smaller concentrations of fumaric acid 
per unit volume if linear collections were made. While the collections 
are proceeding, 1 drop of thymol blue indicator (see ““Reagents”’) is placed 
ineach of the tubes. The first tube which shows indicator discharge marks 
the beginning of the approximate fumarate position; collections are con- 
tinued in this way until the effluent amyl alcohol-chloroform solution 
ceases to change the indicator color to red. The tube before the first tube 
which shows indicator discharge, the tube after the last tube which shows 
indicator discharge, and each tube showing indicator discharge are then 
titrated with 0.004 n sodium hydroxide with a 2 ml. micro burette. The 
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titration is conducted by admitting small amounts of the standard alkali 
and shaking until the first blue tint appears through the emulsion. 
Each value (ml. of 0.004 n NaOH) obtained is plotted against the fraction 
number and the accumulated titrations are calculated to fumarie acid 
by the formula 


Mg. fumaric acid = 23t X F 


where ¢ = ml. of sodium hydroxide required for the fraction, a = the first 
fraction measured (1.e., the tube before the first tube containing discharged 
indicator), 0 = the last fraction measured (i.e., the tube after the last tube 
which showed indicator discharge), and F = normality of the sodium 
hydroxide X 58.0. 

After three determinations have established a recovery error of less than 
5 per cent, the plotted curves are compared. When the mode (peak of 
the curve) for each curve occurs at the same interval and when the volumes 
of standard alkali indicated by the mode are equal within a range of 0.03 
ml., the procedure may be checked by using a mixture of acids containing 
fumaric acid (e.g., acetic, fumaric, and malic acids). The position of 
fumaric acid in the effluent phase is thus determined and the interval or 
fraction at which fumaric acid first appears, the fraction number at the 
mode, and the fraction number marking the complete release of fumaric 
acid from the column are used as guides for subsequent measurements. 
When either reagents or apparatus are changed, the calibration must be 
repeated. 

Preparation of Sample for Measurement; Deproteinization—Approximately 
10 gm. of the minced sample of tissue (or 10 ml. of blood or plasma) are 
mixed with acetone and the suspension is transferred to a 200 ml. volu- 
metric flask. 1.2 ml. of 10 n sulfuric acid are added and acetone is in- 
troduced until the level of the total mixture is within 5 to 10 ml. of the 
mark. After mixing, the flask is refrigerated overnight. Finally, the 
volume is adjusted to the mark with acetone and the mixture is filtered 
through a 15 cm. No. 50 Whatman filter paper. Three 40 ml. aliquots 
are taken to apparent dryness by placing them under an infra-red lamp 
and directing a current of air over them, the height of the lamp being 
adjusted so that the acetone will not boil. Overheating is to be avoided 
because of the possibility of esterification with the solvent. To the dy 
residue is added 1 ml. of 2.0 n sodium hydroxide. After the alkali is 
mixed with the extract, the pH is adjusted to 2 + 0.5 with dropwise 
additions of 5 N sulfuric acid, by using indicator paper (Hydrion). Water 
is then added until the total volume is 2 ml. The acid-acetone procedure 
does not free the material completely from biuret-positive materials, but 
any such materials remaining do not appear to interfere with the meas 
urement. 
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Transfer to Non-Aqueous Phase—The above extract, or an equal volume 
of aqueous non-protein solutions of fumaric acid, such as urine, adjusted 
to pH 2 + 0.5 is mixed intimately with 2 gm. of silica gel (see ‘““Reagents’’), 
suspended in 20 ml. of chloroform, and the suspension is poured into the 
column. As the chloroform drains through the silica gel, the top of the 
silica gel column is kept moist with repeated small additions (1 ml. each) 
of chloroform from a dropping pipette. When the silica gel column settles 
to an unbroken mass, the chloroform above the top of the silica gel is 
permitted to disappear into the column and immediately the column is 
filled with 30 per cent amyl alcohol-chloroform. The first 5 ml. of the 
liquid issuing from the column are discarded, then the flow is continued 
until 45 ml. of amyl alcohol-chloroform are collected, the column being 
refilled to maintain the flow. This amyl alcohol-chloroform mixture con- 
taining the fumaric acid is taken to dryness at room temperature by 
directing moving air over the material and the residue is set aside for 
measurement. 

Measurement of Sample—To the foregoing residue are added 1 to 1.5 
ml. of a 10 per cent amyl alcohol-chloroform solution, and after swirling 
the beaker so that the sides are rinsed with the solvent, it is covered with 
a watch-glass and allowed to stand for 1 hour. The material in amyl 
alcohol-chloroform is introduced on the surface of the column, prepared 
according to the procedure under the preliminary preparation for the 
analysis, and the beaker is rinsed twice with 0.25 ml. quantities of 10 per 
cent amyl alcohol-chloroform solution. The procedure for the measure- 
ment of fumaric acid then follows that presented under the calibration 
procedure. 

Calculations—Since the above operations give mg. of fumaric acid meas- 


ured, the concentration of fumaric acid in the sample tested is calculated 
as follows: 


co . mB: fumaric acid measured X P X 100 
, = W 





where C = concentration in mg. per cent of fumaric acid, P = aliquot fac- 
tor in deproteinization, and W = sample weight. 


Interference and Recovery Data 


Studies were first undertaken to ascertain whether the organic acids 
known to occur in animal materials could be adequately separated by means 
of a silica gel column employing the aqueous alcohol-chloroform system 
and thus be shown not to interfere with the estimation of fumarie acid. 
To this end the method for preparation of the sample described above 
was followed. For the estimation of these acids the entire band of the 
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acid was measured instead of separate fractions as above. Fractions were 
not collected because “thiamine adsorption tubes” instead of the regular 
columns were used. The smaller columns permitted measurement of the | 
acids which were released more slowly than fumaric acid in a shorter time, | 
The position of each acid was determined by first examining when and 
where the acid would occur in the effluent phase. Acids immediately on 
either side of fumaric acid or coming before fumaric acid were released from 
the column with lower concentrations of alcohol-chloroform, while later 
acids required higher concentrations. Positions for malic, lactic, and 
oxalic acids, with 20 per cent butanol-chloroform, and citric acid, with 
35 per cent butanol-chloroform, were similarly determined. The position 
of succinic acid was determined with 10 per cent butanol-chloroform. The 
position of fumaric acid was determined with 4, 5, and 10 per cent butanol. 





TaBLeE [ 
Recovery of Acids from Aqueous Solutions 


The results are expressed in mg. 
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| 
chloroform. The distribution coefficient for the acid under consideration | 
would largely determine the phase selected; 7.e., acids less soluble in butyl | 
alcohol and more soluble in water would require larger amounts of butyl 
alcohol than acids whose solubilities with respect to these phases wer 
reversed. When amyl alcohol was substituted for butyl alcohol, the 
positions for the acids remained unchanged. In a previous report (Mar 
shall, Orten, and Smith (6)) the sequence of acids is given. When acil | 
mixtures were analyzed, the mobile phase was changed while the analysi | 
was in progress by adding the new mobile phase immediately after the 
effluent acid of the previous phase was released. This addition of nev 
non-aqueous phase followed the removal of any mobile phase, already 
present above the column, by means of a pipette. 

With these techniques, pure acid mixtures were analyzed and the 
results are given in Table I. Additional mixtures were tested for interfer 
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ence alone. Pyruvic, glutamic, aspartic, uric, acetic, 6-hydroxybutyric, 
aconitic, tricarballylic, oleic, palmitic, malic, malonic, and creatine rep- 
resent a partial list of other acids which were found not to interfere 
with the measurement of fumaric acid. 

Studies of the recovery of pure fumaric acid added to various biological 
fluids and tissues were made (see Table II). Varying quantities of fumaric 
acid were added to urine, which was found to contain no detectable amount 
of this acid. 

Although it was known that large molecules could interfere with parti- 
tion in the chromatographic process (Martin and Synge (7)), the attempt 
was made to analyze some biological materials without prior separation 
of the contained protein. Whole blood, under these conditions, could 
not be analyzed because the discharge of acid hematin into the collecting 
vessels masked the color of the indicator during titration. The data 
indicate a somewhat high recovery of fumaric acid added to fresh plasma 
without previous deproteinization. However, satisfactory recoveries of 
fumaric acid added to plasma and then deproteinized with acid-acetone 
were obtained. 

On the supposition that there might be interference by compounds 
having peptide linkages, but not necessarily protein, an enzymatic hydro- 
lysate of casein was analyzed after fumarate was added. Satisfactory 
recoveries were obtained. 

Satisfactory recoveries of small amounts of fumaric acid added to liver 
and muscle were also obtained. 


Application to Tissues 


To apply the method to the determination of fumarate in tissues under 
carefully controlled conditions, eighteen normal adult rats of the August 


by Copenhagen strain! were maintained on a stock ration of commercial | 
dog chow. Twelve of these animals having weights of 285 + 15 gm. wer | 


selected and fasted 18 hours. They were then anesthetized by intraper- 
toneal injections of pentobarbital sodium and after 15 minutes the animal 
were opened by a ventral abdominal incision and exsanguinated from 
the aorta. The blood was pooled in a heparinized vessel and the liver, 


kidney, gastrocnemius muscle, and brain were removed, also pooled, and | 


immediately frozen with dry ice. The pooled tissues were crushed to 
fine powder which was weighed while cold, but not frozen. After home 
genizing in a Waring blendor with acetone, the material was transferred 
quantitatively from the blendor into a volumetric flask with acetone and 
from this point the procedure followed that previously outlined. 


1 Appreciation is expressed to Dr. Wilhelmina Dunning of the Department d 
Pathology for furnishing these rats. 
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Blood—When samples of blood having a weight of 4 gm. were chro- 
matographed, titratable acidity was not evident in the interval samples on 
either side of the interval mean. That there appeared some acidity in 
Fraction 25 (the mode, as previously described), however, suggested the 
likelihood that some fumaric acid was present. The use of a 12 gm. 
sample confirmed this observation; yet the quantity present was not 
sufficient to acidify every interval. This accounts for the values for blood 
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Fic. 1. An estimation of fumaric acid in a 12 gm. sample of blood. The dashed 
portion of the line indicates that the acidity of these samples was too small to meas 


ure. These data indicate that the fumaric acid content of whole blood was less 
than 0.3 mg. 
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Fic. 2. The results of the first measurement of fumaric acid in brain tissue. The 
stippled area indicates the concentration of fumaric acid calculated from the titra- 
tion of Fraction 25 (the mode of the theoretical curve) ; the value is 14 mg. per cent. 
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being expressed as “‘less than 0.3 mg. per cent.’’ The data for the measure- 
ment are shown in Fig. 1. 

Brain—Brain lipides reduced the rate of flow through the column, 
samples of brain weighing 5 gm. requiring 18 hours for the chromatographic 
process. When the sample of brain was smaller, however, the rate of 
flow approached the normal. The data are shown in Fig. 2. It is evident 
from the nature of the curves plotted from the titration values that two 
other acids in addition to fumaric were titrated and that one of these 
interfered with the determination of fumaric acid. The nature of these 
two acids was not determined. However, when the effluent material 
from a similarly treated sample of brain was chromatographed through 
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a second column, the data of Fig. 3 were secured. These data showed g 
fumaric acid concentration in normal brain of 15 mg. per cent under the 
conditions of the experiment. 


Since repeated measurements of pure fumaric acid added to tissues | 


indicated that total acidity in the logarithmically increasing volumes of 
the effluent plotted against fraction number described a curve which 
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Fie. 3. An aliquot of the brain sample (Fig. 2) after redistribution throughs 
second column. The similarity between this curve and the theoretical curve 


(Fig. 2) confirms the identity of the fumaric acid and indicates a concentration | 


in the sample of 15 mg. per cent. 











TaB.e III 

Observed Distribution of Fumarate in Pooled Tissues of Twelve Rats Fasted 18 Hour 
| Average 

| concentra: 
No. of Average lona 

Tissue determina- | fumaric | Standard | fuman 

tions measured por hs 

wet tissue 

Y ” 

MONS OTA Da RE hs 0 ia a TN 2 830 ” 15.0 
NE HOS AREA BAIS 8TH 4 404 65 9.5 
ER OO Se ee TE Cy ee OT 4 172 5.7 7.8 
Gastrocnemius muscle..................... 4 127 7.8 2.3 
US te aretha ee eG 3 bons his. dels eid 3 16 <0.3 
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* Range of measured values, 40 y. 


approximates the normal curve of error, the rechromatographed curve 
for brain (Fig. 3), therefore, was examined for normality. With the mote 
at Fraction 25 and Fractions 19 to 31 representing the intervals of § 
frequency distribution (frequency of hydrogen ions), cumulative frequel 
cies were plotted on probability graph paper. The “fitted” cumulative 
normal distribution (Wilks (13)), a straight line through the previously 
plotted cumulative frequencies, gave the dotted area of Fig. 2. This 
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ide stippled area thus became a “corrected curve’’ for the original data which 
r the permitted the heavy curve of Fig. 2. This similarity between the observed 


curve and the theoretical curve thus supported further the value for normal 
brain. 
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Fig. 4. The shift in mode of the curves showing the concentration of fumaric 
acid in successive intervals illustrates the influence of change in composition of 
the mobile phase. @, 10 per cent amyl alcohol-chloroform; O, 5 per cent amyl 
ough 8 alcohol-chloroform; &, 4 per cent amyl alcohol-chloroform. 
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Fig. 5. The separation of fumaric and acetic acids from a mixture by the use of 
mobile phase containing a lower concentration of amy! alcohol. 
a? 


—— 


- il Liver and Muscle—In four samples of liver, in which the average mass 


als of fumaric acid measured was 172 y, there was represented a concentra- 
eres tion in liver of 7.8 mg. per cent. The average weight of fumaric acid 
nulstif measured in four samples of muscle was 127 y, which corresponded to a 
evjottil concentration of 2.3 mg. per cent. This value is somewhat lower than 
mi This that reported for pigeon breast muscle by Annau et al. (1). However, 
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the method employed by these investigators was undoubtedly less specific 
than the present one. Satisfactory recovery data for these tissues wer 
secured, as shown in Table II. 

Kidney—Because of the large standard deviation for the average value 
obtained with kidney tissue, Table III, additional evidence was sought 
concerning the homogeneity of the effluent fumaric acid. In this connee. 
tion a column made from glass tubing having an internal diameter of § 
mm. was used. The position of fumaric acid was ascertained by employ. 
ing 10, 5, and 4 per cent amyl alcohol-chloroform. These positions are 
indicated in Fig. 4. The tendency of this curve displacement to resolve 
acid mixtures is demonstrated by the effect of the change in composition 
of the mobile phase on the separation of a mixture of fumaric and acetic 
ucids as shown in Fig. 5. The value for fumaric acid concentration in 
kidney tissue so resolved (Fig. 6) was 9.5 mg. per 100 gm. of wet tissue, 

















r0.4 ols 
(2) 

So 

< 

4 

= 0.2+ 

8 - 

5 oUt ~h 

3 6 6, © 22 eo 26 


FRACTION NUMBER 


Fia. 6. Graphic representation of the estimation of fumaric acid in kidney tissue, 
Solid line, 4 per cent amyl alcohol-chloroform; dash line, 5 per cent amy]! alcohol- 
chloroform. This verifies both the identity and the homogeneity of the acid being 
measured (see Fig. 4). 


DISCUSSION 
The amounts of fumaric acid found in the various tissues analyze 


are surprisingly large and probably reflect the metabolic activity of the 
tise since fumaric acid is believed to be an important intermediate in 








Ane “jtrie acid cycle” and hence in the final common pathway of the | 


M@febelign of carbohydrates, fats, and proteins. The significantly high 


Conéentration in brain, for example, may be related to the alleged ex — 


Chasive yse of carbohydrate for energy by this tissue. The concentration 
of fuwurate in kidney might suggest that fumarate, like citrate, is the 
counterpart of urinary ammonia in acid-base mechanisms. The relatively 
large amount of fumaric acid in the liver is in harmony with the recognized 
position of this organ in the intermediary metabolism of the major food: 
stuffs. The low blood fumarate found suggests the lack of mobility d 
tissue fumarate. These questions, of course, can be answered only by 
further experimental work. The chromatographic method for fumatit 
acid just described would appear to be ideally suited for this purpose, sine 
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it is possible to determine not only fumaric acid but also, and on the same 
samples, citric, malic, succinic, and perhaps other organic acids involved 
in the final oxidative disposition of metabolites. 


SUMMARY 


A satisfactory method for the determination of small amounts of fumaric 
acid in biological materials by partition chromatography is described. 
The procedure can be used to determine as little as 0.05 mg., and is spe- 
cific. Satisfactory recoveries of small amounts of fumaric acid added to 
the urine, plasma, casein hydrolysate, liver, and muscle were obtained. 

Several tissues of the normal rat were examined for fumarate con- 
centration. Brain showed the highest concentration, with kidney and 
liver next. The lowest concentration of fumaric acid of the tissues 
tested was observed in blood 
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THE METABOLISM OF a-ESTRADIOL IN VITRO* 


By W. H. PEARLMAN anp R. H. DeMEIO 
(From the Department of Biochemistry, Jefferson Medical College, Philadelphia) 


(Received for publication, February 26, 1949) 


It has been repeatedly demonstrated that estrogens are inactivated in 
vivo, and from experiments conducted both in vivo and in vitro it appears 
that the liver is the major site of estrogen inactivation (1, 2). Although 
the inactivating mechanism has been studied (3-8), the nature of the 
metabolites formed in vitro has not been ascertained by actual isolation 
and identification. The present investigation was undertaken with the 
latter object in mind. 

a-Estradiol-17-hemisuccinate was dissolved in a Krebs-phosphate me- 
dium buffered at pH 7.4 and incubated with rat liver slices at 37° for 4 
hours. The ratio of hormone to liver tissue was approximately 1:500 
parts by weight; in all, 845 mg. of a-estradiol (as hemisuccinate) were 
used. On extraction and fractionation of the incubation mixture, 54 
mg. of estrone and 328 mg. of a-estradiol were obtained in crude crystal- 
line form. These products were purified and identified by melting point 
and mixed melting point determinations with the corresponding authentic 
specimens; estrone was further identified by carbon and hydrogen analysis 
of the acetyl derivative. The data on the recovery of the various phenolic 
fractions are summarized in Table I. 


EXPERIMENTAL! 


Preparation of a-Estradiol-17-hemisuccinate—The procedures followed 
were similar to those previously described by Pincus and Pearlman (9) 
for the preparation of this derivative, except that ether-pentane was sub- 
stituted for aqueous methanol as a solvent for crystallization. Beautiful 
white needles were obtained, m.p. 165-165.5°. 


CxH0;. Calculated, C 70.94, H 7.58; found, C 70.96, H 7.74 


Incubation—A total of 845 mg. of a-estradiol in the form of its 17- 
hemisuccinate was incubated with male rat liver slices in ten runs. Run 
1 is described as a typical experiment. A solution of 84 mg. of a-estradiol 
(as hemisuccinate) in 1 ml. of ethanol was added dropwise with shaking to 
840 ml. of a Krebs solution which had been buffered with phosphate to 

* This work was supported by grants-in-aid from the United States Public Health 


Service, and from the Ciba Pharmaceutical Products, Inc., Summit, New Jersey. 
1 All melting points reported here are corrected. 
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pH 7.4 and which contained no glucose. The solution of estrogen was 
equally distributed in six culture type Roux bottles, and to each bottle 
were added 7 gm. of liver slices obtained with the aid of a Stadie-Riggs 
microtome. The bottles after capping with rubber (the gas phase was 
air?) were placed on a mechanical vibrator for 4 hours in an incubator 
at 37°. The incubated material from Runs 1, 2 to 5, and 6 to 10 wer 
worked up separately by methods described below; pooled incubation 
mixtures were maintained in a frozen state prior to extraction. 





Extraction and Fractionation Procedures—The supernatant fluid was de | 


canted and the liver slices washed with a little water. The aqueous phage 
was acidified to pH 3 with dilute HCl and gently shaken once with 0.5 vol- 
ume, and three times with 0.3 volume of butanol. The butanol extracts 
were neutralized with a drop or two of concentrated NH,OH and evapor 
ated in vacuo. Meanwhile, the liver slices were ground with sand andre. 
peatedly extracted with liberal quantities of boiling methanol. The 


methanol extracts on cooling to room temperature deposited some insoluble | 
material which was removed prior to evaporating the extracts in vacuo. The | 


residues from the butanol and methanol extracts were combined and dis 
tributed between water (acidulated to pH 3) and ether; the aqueous phase 
was further extracted with ether. The ether extracts were combined and 
back-washed with a little water. The aqueous phase (I) was saved (see 
below). The ether contained a small quantity of acidic material (II) 
which was removed prior to evaporation. The residue (neutral substances 
plus phenols) was distributed between petroleum ether and 90 per cent 
methanol. The latter phase was brought to dryness and treated with 
acetone; the acetone-insoluble material was repeatedly taken up in aleo- 
hol and precipitated with acetone. The acetone-soluble material thw 
obtained was taken up in benzene and extracted four times with equal 
volumes of N NaOH. The alkaline extracts were acidified to Congo ra 
and thoroughly extracted with ether to obtain the “free’’ phenols. Re 
peated partitioning of the latter between benzene and 0.3 m Na, 
(10) yielded strongly acidic and weakly acidic phenols. The latter wer 
separated into ketonic and non-ketonic moieties with the aid of Girard’ 
Reagent T (11). For the weights of the respective phenolic fractions and 
of the crystallizates obtained therefrom, see Table I. 

Ketonic Weakly Acidic Phenols—This fraction was easily induced t 
crystallize on treatment with aqueous ethanol. The crude crystals (Rum 
1 to 10, see Table I) were pooled and further purified from the same solvetl 
to yield 23 mg., m.p. 258-259°. It gave no depression in melting point @ 
admixture with authentic estrone. Acetylation of a specimen of the is? 


* DeMeio et al. (8) observed complete inactivation of a-estradiol by liver slicesit 
oxygen or in air. 
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lated product yielded crystals, m.p. 123-124°, which gave no depression 
in melting point on admixture with authentic estrone acetate. 


CxoH20;. Calculated, C 76.89, H 7.74; found, C 76.75, H 7.76 


Non-Ketonic Weakly Acidic Phenols—Crude crystals (Table I) of 
a-estradiol formed readily from this fraction on treatment with aqueous 
ethanol. These were pooled, repeatedly crystallized from the same sol- 
vent to yield a product, m.p. 174-176°, which did not depress the melting 
point of authentic a-estradiol on admixture. 

The mother liquor from the above was worked up to yield an additional 


TaBLe I 
Incubation of «-Estradiol; Recovery of ‘‘Free’’ Phenols* 
The weights are expressed as mg. 























Weakly acidic phenols 
a-Estradiolt Strongly 
Run No. incubated ist crop ist crop acidic 
Total - Total - ” 
ketones | crystal | "Eetones | cezstaling | isnot 
1 St 18 3 36 27 41 
2- 5 339 25 14 147 90 149 
6-10 422 37 25 200 155 255 
‘Total..... 845 80 42t 383 272t 445 














*Very little “conjugated” or esterified phenol was contained in extracts of the 


incubated material; no crystalline estrogens could be isolated from such fractions 
after hydrolysis. 


t Calculated content; the estrogen was incubated as the 17-hemisuccinate. 
t An additional 12 mg. of crude estrone and 56 mg. of crude a-estradiol were iso- 


lated from the respective pooled mother liquors; digitonin was employed to ad- 
vantage in the latter instance. 


31 mg. of crude a-estradiol. The 76 mg. of material remaining in the final 
mother liquor were combined with 113 mg. of non-crystalline material 
obtained from the benzene phase on partitioning the pooled strongly acidic 
phenols (Table I) between benzene and 0.2 m Na,HPO,.2 From this 
fraction (76 + 113 mg.), 44 mg. of digitonin-precipitable material were 
obtained; it yielded 25 mg. of crude a-estradiol. The non-digitonin-pre- 
cipitable material was acetylated and chromatographed but none of the 
eluates could be induced to crystallize. 

Strongly Acidic Phenols—The pooled material (445"mg., Table I) was 

*Friedgood et al. (12) claim that benzene-0.3 m Na;CO; partitioning is grossly 


inaccurate for separating estriol from the estrone-estradiol fraction, and recommend 
instead benzene-Na:HPQ, partitioning. 
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distributed between benzene and 0.2 m NazHPO, (12); 113 mg. of phenols 
remained in the former phase. The benzene-insoluble material was acety. 
lated and chromatographed but no crystalline eluates could be obtained, 

Other Fractions—The following fractions were also examined in the 
search for estrogen metabolites but without success: the ‘free’ neutral 
substances (90 per cent methanol fraction after partitioning with petro. 
leum ether), the phenols from the alkaline hydrolysate of the ‘‘free’’ acidg! 
(II), and the phenols from the acid hydrolysate of the aqueous phase (J) 
(see above); the weights of these fractions were respectively 67, 189, 
and 56 mg. 


DISCUSSION 


These in vitro experiments, which are based on the actual isolation of 
metabolic products, indicate that a-estradiol can be converted into estrone, 
a process which is also known (1, 2) to occur in vivo. That estrone is not 
the sole metabolite may be inferred from the fact that only about half of 
the estrogenic substance incubated could be recovered as biologically ae. 
tive material.6 Other products such as -estradiol and estriol, which ar 
formed in vivo (1, 2) from either estrone or a-estradiol, were sought for in 
the present study but without success. It is noteworthy, however, that 
the strongly acidic phenolic fraction was comparatively large (see Table 
I); this fraction might have been expected to contain estriol. Efforts to 
cast light on the nature of the biologically inactive metabolites of estro 
genic hormones, a subject of much conjecture, proved fruitless: the frae- 
tions examined were the neutral substances and acids. 


SUMMARY 


Following incubation of a-estradiol-17-hemisuccinate with surviving mi 
liver slices, a small amount of estrone (6 per cent of the original «-estradid 
content) and a-estradiol (about 40 per cent) were isolated. As much asi 
per cent of the incubated estrogen thus remains unaccounted for. 


4 Any a-estradiol hemisuccinate failing to undergo hydrolysis during incubatio 
would have appeared in this fraction. The fact that noa-estradiol could be isolatel 
from this fraction following alkaline hydrolysis indicates that in vitro hydrolysis 
the ester was practically complete. By way of comparison, it is noteworthy thi 
Schneider and Mason (13) observed a rapid hydrolysis of dehydroisoandrosterot 
hemisuccinate when incubated with liver slices. 

5 In earlier experiments by DeMeio et al. (8), wherein the biological inactivatia 
of hormone was complete, the ratio of a-estradiol to liver tissue was 1: 5000 parts by 
weight. , 

* An explanation might be sought in the well recognized réle that species difier 
ences play in estrogen metabolism. 
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A CHEMICAL METHOD FOR THE DETERMINATION OF 
MANNOSIDOSTREPTOMYCIN 


By D, PERLMAN 


(From the Division of Microbiological Development, E. R. Squibb and Sons, 
New Brunswick) 


(Received for publication, February 11, 1949) 


Several analytical methods have been suggested for the determination of 
mannosidostreptomycin (streptomycin B) (5, 6). Titus and Fried (6, 
12) and Plaut and McCormack,! who have utilized the quite specific and 
quite accurate but yet laborious counter-current distribution methods 
(previously described by Craig) for the isolation and determination of 
streptomycin B, have noted a number of difficulties that are encountered 
under certain experimental conditions. Another method is that described 
by Schenck e¢ al. (10) who have combined the maltol test (11) with the 
microbiological assay. Inasmuch as streptomycin B shows lower anti- 
biotic activity against many microorganisms than does streptomycin A 
(6, 9), they assume that it is possible to apply simultaneous equations to 
the results obtained with these assay methods and thus determine the 
relative quantities of streptomycins A and B present in the preparations 
under examination. This is theoretically sound if all the antibiotic activity 
is derived from the streptomycins A and B present, and if streptomycin 
A and streptomycin B potencies are additive in antibiotic effect. How- 
ever, this analytical system inherits the difficulties present in both of the 
methods, including the effect of miscellaneous materials such as metallic 
ions and carbohydrates on the maltol assay and on the bioassay (2). 
Also, the bioassay requires a rather long incubation period. 

Consideration of chemical methods adaptable to the determination of 
streptomycin B suggested that the determination of the mannose moiety 
might serve satisfactorily. This determination could be combined with 
the maltol analytical method (by which total streptomycin is measured), 
and the quantity of streptomycin A present in the sample determined 
by difference. The carbazole test has been used for the identification and 
estimation of mannose and other reducing sugars by several investigators 
(1, 3, 7, 8) and offered promise as a quantitative method (7). 


1Plaut, G., and McCormack, R. B., unpublished work. 

"Several months after the procedure here was devised and while this manuscript 
was in preparation, a preliminary announcement by Emery and Walker (4) indicated 
that the anthrone reagent was also adapted for use in determination of the mannose 
moiety of streptomycin B. Preliminary observations in this laboratory have in- 
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Analytical Method 

After some preliminary study the following analytical procedure, 
which is similar to that of Gurin and Hood (8), was adopted and found 
to give satisfactory results. A sample containing 0.05 to 0.15 mg. of 
streptomycin B hydrochloride (equivalent to 0.004 to 0.131 mg. of free 
base) is diluted to 2 ml. with distilled water in a standardized colorimeter 
tube and chilled in an ice bath. 5 ml. of concentrated sulfuric acid are 
added dropwise with shaking to prevent rise in temperature of the solution. 
Exactly 0.50 ml. of a carbazole solution (0.5 gm. of carbazole, commercial 
grade, dissolved in 100 ml. of 95 per cent ethanol) is added to each tube, 
and the contents of the tube are well mixed. When all of the samples and 
standard solutions of streptomycin A and streptomycin B have been go 
treated, the group of colorimeter tubes contained in a rack is placed in 
a vigorously boiling water bath for a 10 minute heating period. At 
the end of this interval, the tubes are removed from the bath, cooled to 
room temperature, and compared in a photoelectric colorimeter at two 
wave-lengths with a distilled water blank to which have been added the 
carbazole and sulfuric acid reagents. With the Evelyn photoelectric col- 
orimeter, the 540 and 660 my filters have been used. 

In the tubes containing only streptomycin B, a purple-red color is 
formed under these conditions, while in tubes containing only streptomy- 
cin A the color formed is a yellow-brown. Intermediate colors are found 
in tubes containing mixtures. The colored complex formed with strepto- 
mycin B gives an absorption maximum between 520 and 560 my, and the 
colored complex formed with streptomycin A under these conditions also 
absorbs in this region. Since absorption by the streptomycin A complex 
is significant, corrections must be made for the presence of streptomycin 
A in the samples. At 660 my the absorption of the two complexes is 
practically identical, and the quantity of streptomycin B present in the 
samples is therefore calculated by application of the equation 





where B is the quantity of streptomycin B in the sample expressed in mg, 
Deo and Ds the extinction coefficients as determined in the photoelectric 
colorimeter,? C4 and Cs are the Beer’s law constants at 540 my per mg. 





dicated that, as for the carbazole reagent used in the method described here, the 
anthrone reagent is not quite specific for streptomycin B, and correction must be 


made for the presence of streptomycin A. 
* If the 0 to 100 scale is used, as in the Evelyn instrument, D can be calculated 


from a 2 — log G table. 
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of streptomycins A and B respectively, and C4, and Cs, are the constants 
per mg. of streptomycins A and B at 660 my. This method of calculation 
depends, of course, on the applicability of Beer’s law, which was confirmed 
by experiment. Inasmuch as the constants vary slightly from one group 
of analyses to another, standard samples of streptomycin A and strepto- 
mycin B are included with each, and constants are separately determined 
for each group. ‘Two or three replicates of two dilutions of each sample 
and standard are included in each group. The analysis is completed by 
calculating first the Beer’s law constants for each group from the extine- 
tion coefficients determined with the standard streptomycin A and B prep- 
arations. Per mg. of the pure hydrochloride, the range in C4,/C4 ob- 


served has been 0.45 to 0.88; that of Cz, 3.1 to 4.8; and that of Cz,, 0.80 
to 1.30. 


DISCUSSION 


The absorption spectra of the complexes formed by streptomycin A, 
streptomycin B, mannose, and streptobiosamine* with this reagent under 
these conditions have been studied and the measurements (as compared 
with the blank cell containing the carbazole and sulfuric acid) are sum- 
marized in Fig. 1. 

The procedure has been used in the analysis of many mixtures of strep- 
tomycin A and streptomycin B, and typical results are presented in Tables 
Iand II. It will be noted that in some cases the recovery of streptomycin 
B is slightly high. Analysis of unknown mixtures presents a slightly differ- 
ent problem, as a number of possible interfering materials may be present. 
The analyses presented in Table II are typical for unknown mixtures of 
streptomycin A, streptomycin B, and inert inorganic material. Analysis 
of Sample B by the counter-current distribution method indicated the 
presence of 0.39 mg. of streptomycin B per mg. of sample, and 0.55 mg. 
per mg. of sample for Sample C. All streptomycin preparations used in 
these experiments have been hydrochloride salts, and the analyses are 
stated in terms of these salts. Experiments indicate that other salts (e.g. 
calcium chloride double salt, sulfate) may also be used with correction 
for the differences in molecular weights. 

A number of inorganic and organic substances will interfere with the 
determination of streptomycin B by this method. As pointed out by 
Dische (1), Gurin and Hood (7), and Egami (3), many reducing sugars 
react similarly to mannose. Nearly all carbohydrates tested formed com- 
plexes with strong maxima at 540 mp. Of course, the determination by 
this method of streptomycin B in samples containing reducing sugar is not 
feasible, as is shown in Table III. Such substances as amino acids, glye- 


‘We are indebted to Dr. J. Fried for this material which was free of strepto- 
mycin’ A. 
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erol, glucosaminic acid, chondrosaminic acid, glucosamine, and N-methyl- T 
L-glucosamine do not interfere with this test, and recovery of streptomycin , 
tic 
by 
-3 
x—x Streptomycin B (0.118 mmolsxt0 h 
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------- Mannose (0.118 mmolsxi0™~) su. 
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Fig. 1, Absorption spectra of reaction product formed between carbazole reagent 
and streptomycins and related compounds. 
TaBLeE I 
Analyses of Known Micztures of Streptomycins A and B ger 
Composition of mixture Str oo B Recovery mac! 
mg. per cent obte 
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0.10 “ “ A Cee eeerreseeeseeseeessecs 0. 142 95 lzatii 
“ ee 
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B in the presence of these substances was satisfactory. It was noted | Was | 
that the yellow color formed by samples of octyl alcohol and pentasd Also, 
interfered with the determination of streptomycin B. As indicated m 
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Table IV, certain inorganic ions such as iron, copper, cobalt, and chromium 
also interfere with the determination of streptomycin B. In most cases, 
the quantities of these inorganic ions necessary to result in colored solu- 
tions are greater than those expected in samples susceptible to analysis 
by this method. 

Extensive use of the analytical procedure has indicated that the tubes 
should not be exposed to sunlight. Such exposure results in the carbazole- 
sulfuric acid solution becoming a rather deep green, and leads torather un- 
satisfactory determinations. Care must also be taken in the addition of 
the sulfuric acid to the solution containing the streptomycin. If the 
temperature of the solution rises during the addition of the acid, the results 








Taste II 
Analyses of Unknown Miztures for Streptomycin B 
Calculated strepto- | 4 Streptomycin B 
; inB in B, me. _ | determined by counter- 
Sample | Size of sample | ‘Swenjomycin B | mycin Bg. sucpto- |Get extraction 
sample per mg. sample 
meg. mg. 
A 0.050 0.037 0.74 
« 0.10 0.071 0.71 
“" 0.20 0.148 0.74 
B 0.050 0.021 0.42 0.39 
- 0.10 0.038 0.38 0.39 
- 0.20 0.079 0.39 0.39 
C 0.10 0.057 0.57 0.55 
« 0. 0.118 0.59 0.55 

















* We are indebted to Mr. F. Russo-Alesi for these analyses by the Plaut-McCor- 
mack method (unpublished work). 


obtained with replicate tubes are often quite variable, and the colors 
formed with the carbazole may be quite different from those usually ob- 
served. 

The use of a blank tube for comparing the color intensity obtained with 
known and unknown samples has resulted in simplifying the standard- 
ization procedure often needed in photometric determinations, and per- 
haps explains the variation observed in the constants. For example, 
experimental observations have indicated that the heating period is not 
critical and that the color development is almost maximal within 5 minutes 
after immersing the tubes in a boiling water bath. A heating period of 
40 minutes resulted in slightly more intense coloring, but the blank tube 
was equally affected and the determinations were therefore unaffected. 
Also, the interval between color development and measurement is not 
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critical. Measurements taken over a 24 hour period indicated that, 
after an interval of 2 hours, the colors began to darken; but the blank 
tube darkened in the same degree, and the accuracy of the determinations 
was unaffected. 

The intensity of the color formed evidently depends upon two steps in 


TasBe III 
Effect of Various Organic Substances on Analyses for Streptomycin B 





Quantity added to 
| streptomycin B sample, 








" Recovery of streptomyci 
matte Sapnapaet coat ‘Byaversge 
tested) 
per cent 

IRD aio 6. hs a chevacsies Yanni ea dis oooh 2-6 103 
PRIS sy iv ererseviwss cee: ; 2 -6 101 
eee ee en ee ; 2-6 101 
a. 5 ON wy he Bn oa 2-6 104 
Se a 2-6 101 
L-Tryptophan...... 2 -6 101 
L-Glucosamine- HC}... naretes oe A 2-6 100 
Chondrosaminic acid. . . 5 wer 2 -6 103 
Glucosaminie acid............. 2-6 97 
N-Methyl-.-glucosamine. ... 2 -6 101 
Streptobiosamine............ 2-6 97 
ELSES cre. Peer ee 2-6 101 
CO Eee eee Peewee 2-6 101 
Octyl alcohol (technical)........ 6 -20 Indeterminate 
Pentasol (technical).............. 6 -20 
Se 22g nc. cage Sse oS oe aS 0.2- 0.66 i 
I re cad es aan 0.2- 0.66 ya 
a a a cs a a 0.2- 0.66 “a 
i. a nse ain Swe aN gi é 0.2- 0.66 = 
I a ind UR ree ere ote oo als 0.2- 0.66 ‘i 
nr EHeeritS. VERE, FUG Sh AS 0.2- 0.66 - 
Rents vols, sriy Lcsisws «Qa « bead 0.2- 0.66 ” 
SLL, intact oni snaniicde:snivbanin ti 0.2- 0.66 9 








the procedure. Perhaps the most important is the final concentration 
of the sulfuric acid. The changes in Beer’s constant at 540 and 660 m 
for streptomycin A and streptomycin B with change in concentration 
sulfuric acid are shown in Table V. When the concentration of acid wai 
reduced below 20 Nn, the carbazole precipitated from solution and © 
sulted in a turbid mixture; at 18 N, no color was obtained. It is evident 
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) TaBLe IV 


Effect of Various Inorganic Ions on Analyses for Streptomycin B 








am | Quantity added to Recovery of strepto- 
| sample mycin B 
mg. per cent 
Aluminum.... oe kite ge 0.10 102 
Calcium...... 1.0 104 
Chromium..... | 0.10 | Indeterminate 
0.01 “ 
b 0.001 83 
0.0005 96 
Cobalt | 0.10 | Indeterminate 
| 0.01 ¢ 
0.001 95 
Copper | 0.10 | Indeterminate 
0.01 es 
| 0.001 78 
0.0005 98 
Iron.. 0.10 _ Indeterminate 
0.01 99 
0.001 | 103 
Manganese. . eo | 1.0 98 
Potassium. .... | 10.07 101 
Sodium... PEP OM re BS 10.0 103 
a ea octets heal 1.0 98 
TaBLE V 
g Effect of Sulfuric Acid Concentration on Beer’s Constant 





{ 
Beer’s constant 


} Concentration of = at _ Re eee) S 








sulfuric acid Streptomycin A Streptomycin B 

$40 my | 660 my 540 my 660 my 

¥ | | ore ys ov 

33.4 0.25 0.11 | 0.72 0.15 

32.8 0.27 0.20 | 0.92 0.21 

31.0 0.33 0.24 0.95 0.30 

29.5 0.46 0.28 1.75 0.35 

— 25.7 0.93 0.50 3.87 1.18 

: 25.0 1.02 0.72 3.94 1.68 

ation 22.8 1.38 0.85 4.14 1.80 

) my 21.5 1.36 | 0.85 | 3.63 0.99 
ion of —1 .... ..  .. a. he ee aes 7. ee 

d was 


that, if the final concentration is either too high or too low, the sensitivity 
id T | of the test is reduced. 


vident The color intensity also depends in part on the quantity of carbazole 
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added. It is very important that each tube receive the same quantity 
of carbazole, and that the contents of the tube are well mixed before 
heating in the water bath. In a number of experiments, the quantity of 
carbazole was varied from the 0.50 ml. suggested. Visually the colors 
were slightly changed, but the blank tube also changed equally, and the 
colorimeter measurements were unaffected. In the above procedure ap 
excess of carbazole is added, and preliminary experiments indicate that 
as little as 0.05 ml. of a 0.1 per cent solution might suffice. 

This analytical procedure as described has been used successfully for 
the analysis of rather pure preparations of streptomycins. Application 
to such preparations as fermentation media, blood and body fluids, and 
other materials would probably depend on the elimination of interfering 
materials such as carbohydrates and metallic ions. It is possible that 
clarification procedures similar to that mentioned by Schenck et al. (10) 
for the concentration and extraction of streptomycins from fermentation 
broth would be sufficient. 


SUMMARY 


A chemical method for the determination of mannosidostreptomycin 
(streptomycin B) in purified preparations based on the color formed with 
carbazole in sulfuric acid solution has been described. 
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ion 

i Ham and Sandstedt (2) and, subsequently, others have shown that there 
‘ng is a trypsin inhibitor in soy beans and other legumes which inhibits the 
hat growth of certain animals. At first it was believed that the components 
(10) of beans which alter the nutritive value of proteins exert growth inhibi- 


tion | tion by their ability to inhibit proteolysis in the gastrointestinal tract. 
Recently Klose and associates (3) have demonstrated that the growth- 
inhibitory fraction of Lima beans affects the growth of rats not by its 

action on proteolysis but by some other mechanism not yet identified. 

vein | his conclusion was drawn because a diet including hydrolyzed proteins 
with | also resulted in a decrease of growth when supplemented with the growth- 
' inhibitory fraction. More recently Westfall and coworkers (4) came to 





similar conclusions after investigating the crude trypsin inhibitor fraction 
of soy beans. 
The aim of the present report is to confirm the observations of the earlier 
1948), | investigators concerning the growth-inhibitory effect of the crude Lima 
M41). bean fraction and to describe the isolation from this fraction of a crystal- 


_ line, heat-stable globulin which powerfully inhibits trypsin and moderately 
) inhibits chymotrypsin. Swiss mice, which were employed in the feeding 
experiments, were found to be extremely sensitive to the growth-inhibi- 
tory fraction of Lima beans. 
», Biol. 
EXPERIMENTAL 


Preparation of Crude Trypsin Inhibitor Fraction of Lima Beans—The 

) erude inhibitor, which appears to contain at least two proteinase inhibi- 
tors, was prepared by the following modification of Kunitz’ method (5) 
for the initial purification of the soy bean trypsin inhibitor. 2 kilos of 
ground chloroform-defatted Lima beans were extracted with 10 liters of 
distilled water containing 70 ce. of concentrated sulfuric acid at 20-25° for 

1 hour with occasional stirring. The inhibitor proteins were adsorbed 
*A preliminary report of this work was presented before the American Society 


of Biological Chemists at the meeting of the Federation of American Societies for 
| Experimental Biology at Detroit, April 18-22, 1949 (1). 
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from the filtrate on a mixture containing 50 gm. of bentonite and 50 gm, 
of Hyflo for a period of 10 minutes, during which time the mixture was 
occasionally stirred. It was then centrifuged. The solid portion was 
mixed with 1200 ce. of distilled water and again centrifuged. The super. 
natant and washings were discarded. The trypsin inhibitors were eluted 
with 540 cc. of water to which 60 cc. of pyridine were added. The mixture 
was warmed to 25°, shaken for 10 minutes, and then centrifuged. The 
solid portion was washed with 200 cc. of 5 per cent pyridine. The com. 
bined solutions were dialyzed for 48 hours through cellophane membranes 
in order to remove the pyridine. To the pyridine-free solution 400 gm, 
of ammonium sulfate were added in order to precipitate the inhibito; 
fraction. The precipitate was dissolved in 100 cc. of distilled water and 
dialyzed until free of ammonium ions. This required about 24 hours, 
The resultant solution was then lyophilized or precipitated with 3 volume 
of acetone and dried in vacuo over P20. On the addition of acetone, 
colloidal suspension sometimes formed. Immediate precipitation oo. 
curred on the addition of about 100 mg. of sodium chloride to the sus 
pension. The yield, varying somewhat with each batch of beans used, 
was about 7.5 gm. of light yellow powder. In the experiments to be de 
scribed, this preparation will be designated as “crude trypsin inhibitor,” 
Isolation of Crystalline Heat-Stable Lima Bean Trypsin Inhibitor- 
5 gm. of the crude trypsin inhibitor fraction (acetone powder or lyophilized 
powder) were dissolved in 250 cc. of 1 per cent sodium chloride solutia 
at 35°. 1 gm. of bentonite and 1 gm. of Hyflo were mixed together ani 
added in small portions to the inhibitor solution. The mixture was shake 
several times during a period of 10 minutes at room temperature, ther 
filtered through a Biichner funnel. ‘To the clear filtrate, 50 cc. of acetone 
were added in small portions and the solution was placed in the refrigerate 
at 5-6° overnight. Microscopic, colorless octahedral crystals forme 
(Figs. 1 and 2). These were collected in a cooled centrifuge. Crystal 
lization could be initiated by dialyzing against ethyl alcohol for abou 
30 minutes or by seeding with crystals previously obtained. The crystal 
were recrystallized three times by being dissolved in 8 ce. of 1 per cel! 
sodium chloride solution followed by the addition, drop by drop, of 2¢ 
of acetone. Sometimes a small amount of amorphous or globular m 





. -— . . rm | 
terial precipitated as soon as the solution became chilled. ‘These no | 


crystalline precipitates were removed by centrifugation and discarded 
The resultant supernatants were then water-clear and yielded crystal 
much more readily. Sometimes crystallization took place within 1 how 
The crystals were washed with 10 cc. of cooled acetone and dried in vaci 
over P,O;. The yield was 85 mg. of white powder. Another equal qual 
tity of crystals was obtained by placing the first supernatant in the 
frigerator at 5-6° for 1 week. An inhibitor fraction was also obtained i 
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the form of microscopic plates from a | per cent sodium chloride solu- 


em. tion containing 20 per cent ethyl alcohol. This material, however, was 
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Fig. 1. Crystals of Lima bean trypsin inhibitor, 200 X 
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Properties of Crystalline Lima Bean Trypsin Inhibitor—TVhe activity 
of the crystals does not change on repeated recrystallizations. They 
remains, however, a trace of polysaccharide which is not removed by th 
described procedure. The 4 times crystallized material is a globulin 
It is soluble in a 1 per cent sodium chloride solution, and slightly solubk 
in water. The composition of crystalline Lima bean trypsin inhibitor js 
that of a typical protein (Table I). It is precipitated by the protein 


TABLE | 
Composition of Crystalline Lima Bean Trypsin Inhibitor in Per Cent Dry Wi 
C H N S P 
§2.11 6.96 15.80 0.93 0.00 
Calculated on an ash-free basis. The ash content was 2.3 per cent 
TABLE [I] 


Casein Digestion by Crystalline Trypsin and Crystalline Chymotrypsin in Pres 


ence of Crystalline Lima Bean Trypsin Inhibitor 


Experiment Crystalline Lima 


‘rystalline enzyn : 
Crystalline enzyme hean iahibitor 


3) 
m mg. 

| Trypsin 0.05 0.02 22 
2 es 0.05 0.05 60 
3 “ 0.05 0.10 100 
1 0.05 0.20 100 
5 Chymotrypsin 0.2 1.00 52 
6* Trypsin 0.05 0.20 100 
(i ck 0.05 0.05 60 





The quantities of enzymes as given in this table were dissolved in 2 
tilled water. The inhibitor was dissolved in 1 ce. of 1 per cent sodium chlorid 
To the enzyme-inhibitor mixture, 3 ce. of casein solution of pH 7.6 were added 

* Here the inhibitor was autoclaved at 15 pounds pressure for 5 minutes. 


precipitants, acetone, ethyl alcohol, and trichloroacetic acid. It gives t! 


1 
] 


usual protein test and a very strong tryptophan test. It does not dial) 






through cellophane. The substance is a powerful inhibitor of crystallin 
trypsin (Table Il). Proteolysis and milk clotting by chymotrypsin ar 
moderately affected (Table II1). Proteolysis and milk clotting by pepsil 
and the action of cathepsin (calf kidney extract in 50 per cent glycerdl 
citrate solution of pH 4.0) on hemoglobin at pH 4.0 are not affected. 
The crystalline Lima bean trypsin inhibitor is exceptionally heat-stabl 
Autoclaving for 5 minutes at 15 pounds pressure does not affect Its 4 


tivity (Table IL). In contrast, the crystalline trypsin inhibitor whic 
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Kunitz (5) isolated from soy beans is completely destroyed on short at- 
mospheric boiling. It was found that crude Lima bean trypsin inhibitor 
employed in the feeding experiments described below had to be autoclaved 
for 14 hours at 18 pounds pressure in order to destroy all of its inhibitory 
action. Autoclaving for 1 hour at 15 pounds pressure destroyed only 
40 per cent of its inhibitory power. The crude acetone precipitate was 


TABLE III 


Inhibition of Milk-Clotting Action of Chymotrypsin by Crystalline Lima Bean 
Trypsin Inhibitor 














— Type of inhibitor date | me 
0. } time clotting 
min. min. 
1 None 4 
2 Crude Lima bean inhibitor 32 28 
3 - 5 a - boiled 15 min. 30 26 
4 Crystalline Lima bean inhibitor 10 6 
5 a — Sp “y boiled 15 min. 10 6 
6 “ soy «e “ 8 4 
7 “ “ec “ “ se “ és 4 0 











In each of these experiments 1.25 mg. of chymotrypsin were contained in 0.5 ec. 
of distilled water. 5 mg. of the respective inhibitor were dissolved in 0.5 cc. of 1 
per cent NaCl. The crystalline soy bean trypsin inhibitor was kindly furnished 
by Dr. M. Kunitz of The Rockefeller Institute for Medical Research. 








TaBLe IV 

Growth Inhibition of Mice As Produced by Lima Bean Crude Trypsin Inhibitor 
5 Type of fed mri 
spite a ae 

1 | Rockland diet + 10% water (original weight) 7.2 

2 " ‘* + 1.7% inhibitor in 10% water autoclaved for 8.2 

1} hrs. at 18 pounds pressure 
3 | Rockland diet + 1.7% unautoclaved inhibitor in 10% water 0.4 











twice as active in the proteolytic test as the 3 times crystallized trypsin 
inhibitor; and in the milk-clotting test, the crude inhibitor was about 5 
times as active (Table III). This observation leads to the belief that there 
are at least two proteinase inhibitors present in the Lima bean. 

For the estimation of tryptic activity the Folin-Ciocalteu phenol rea- 
gent as described by Northrop and associates (6) was employed. Color 
intensities were measured with the aid of a Cenco-Sheard-Sanford pho- 
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telometer. The milk-clotting power of chymotrypsin (Table III) was 
determined at 26° with 5 cc. of a strongly buffered milk of pH 5.0 (7), 

Growth Inhibition Produced in Mice by Crude Lima Bean Protein Frag. 
tion—Table IV represents a typical series of experiments showing the 
effect of the crude inhibitor on young mice. Three groups of ten mice, 
average initial weight 6.8 gm., were used. The Rockland mouse diet 
used as feed was ground in a grain mill. The inhibitor was suspended jn 
a volume of water representing 10 per cent by weight of the feed em. 
ployed. The ground feed and the inhibitor suspension were mixed and 
pressed into cubes by the use of a Carver hydraulic press, 16,000 pounds 
of pressure per sq. in. being applied. 

It may be seen from Table IV that Group 3, receiving 1.7 per cent of 
the unautoclaved inhibitor, gained only a negligible amount of weight in 
10 days, whereas Group 2, receiving the extensively autoclaved inhibitor, 
showed an average gain of 8.2 gm. Group 1, receiving the Rockland diet 
without the inhibitor, showed an average gain of 7.2 gm. Food con- 
sumption in Group 3 was slightly less than in Groups 1 and 2. When 
only 1 per cent crude inhibitor was added to the Rockland diet, the dif. 
ferences among the three groups were much less pronounced. 

There was not enough of the crystalline Lima bean trypsin inhibitor 
produced for further feeding experiments. It should be noted that soy 
beans contain three trypsin inhibitors, one of which has no growth inhibitor 
activity (8). 


SUMMARY 


A crystalline trypsin inhibitor of globulin nature has been isolated from 
the growth-inhibitory fraction of Lima beans. Proteolysis by trypsin 
is powerfully inhibited, and proteolysis and milk clotting by chymotryp- 
sin moderately so. The proteolytic action of cathepsin and the milk- 
clotting power and proteolytic action of pepsin are not inhibited. 

This trypsin inhibitor somewhat resembles Kunitz’ crystalline soy 
bean trypsin inhibitor. In contrast to his inhibitor, however, the crystal- 
line Lima bean inhibitor is exceptionally heat-stable. 

Feeding experiments on Swiss mice have shown that their growth is 
radically interfered with by supplementing the diet with 1.7 per cent 
the crude Lima bean trypsin inhibitor. An extensively autoclaved i- 
hibitor does not inhibit the growth of mice or the activity of trypsin. 
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It was reported previously by Proctor and Goldblith (1) that niacin in 
aqueous solution is relatively stable when subjected to high voltage x-ray 
and cathode ray irradiations, although some of the niacin is destroyed. No 
evidence was presented, however, as to the structural changes that occurred 
in the niacin. 

Observations by Sheppard and Burton (2) that fatty acids are decarbox- 
ylated by a-rays suggested that a similar change might occur on the irradia- 
tion of niacin by x-rays and cathode rays. Although a-rays are classified 
in the heavy particle group, the ions in this group are fast moving, charged 
particles which produce electronic excitation and ionization in the material 
they traverse. In this respect, they are similar to such light particle radia- 
tions as x-rays and cathode rays. 

In order to investigate the possibility that the destruction of niacin is 
due, at least in part, to decarboxylation, experiments were conducted in 
which niacin labeled with C™ in the carboxyl group was irradiated with 
cathode rays which were produced at 3000 kv. 


Materials and Equipment 


Niacin—Samples of niacin labeled with C™ in the carboxyl group were 
prepared at the Los Alamos Scientific Laboratory and shipped to the 
Massachusetts Institute of Technology for irradiation. An aqueous solu- 
tion of niacin (concentration 100 y per ml.) was prepared for irradiation. 
3 ml. samples of this solution were introduced into glass vials (18 mm. in 
diameter X 65 mm. in length) and the vials sealed for irradiation. 

In the investigation reported previously by the authors (1), a stock solu- 
tion of niacin in absolute ethanol instead of water was used. Dilutions 
as needed were made with distilled water. The only difference in the effects 
of cathode ray irradiations on aqueous and alcohol solutions of a substance 
is in the penetration of the bombarding electrons through the samples. 
This is illustrated by the equation 
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where Rmx. is the maximum range (mm.) of the electrons into the material, 
V is the impressed voltage in megavolts, and d is the density of the material 
expressed in gm. per ml. 

For water, Rmax. is equivalent to 1.41 cm. and for alcohol, 1.79 em. Ag 
the samples used in this study were less than 1 cm. thick, this difference in 
penetration of aqueous and alcohol solutions played no réle. | 

Previous experiments have shown that in the destruction of niacin by 
cathode ray irradiation it makes no difference whether alcohol or water js 
used as the solvent for niacin, provided the depth of the solution is within 
the maximum range of the electrons, which was the case in the experiments 
here reported. This is substantiated by the values in Table I of this paper 
and in Table 8 of the previous report (1). 


TABLE I 


Effect of Cathode Rays Produced at 3000 Kv. on Niacin Labeled with C' in Carbozyl 
Group As Determined by Chemical Assay 














Sample No. Dosage Retention 
rep | per cent 

3 0.66 X 10° 94 

4 1.32 X 108 79 

5 1.98 X 108 55 

6 2.64 X 108 | 45 


Irradiation Source—Cathode rays (electrons) were produced by a Trump 
generator operating at 3000 kv. This generator, which has been described 
in detail previously (3, 4), operates on the Van de Graaff electrostatic 
principle and is capable of producing intense sources of pure electrons. 


Methods of Assay 


Chemical—Niacin was determined chemically by the cyanogen-bromide 
colorimetric method of Mueller and Fox (5), which was modified to the 
extent that a solution of 20 per cent ammonium hydroxide was used in 
stead of an ammonia buffer. The standard curve of the niacin, cyanogel 
bromide, and ammonia reaction, which is a straight line, was checked daily 
with a sample containing 10 y of niacin per ml. 

Waisman and Elvehjem (6) have emphasized that ‘the chemical methods 
now available for the determination of nicotinic acid depend upon the pyr: 
dine ring structure.” They state, furthermore, that vitamin Bs, which has 
a pyridine ring structure with a methyl group in the a position, does not 
react with cyanogen bromide, that none of the amino acids react, and that 
picolinic acid, a-picoline, trigonelline, and methylpyridinium chloride d0 
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TaB.e II 
Effect of Cathode Rays Produced at $000 Kv. on Niacin Labeled with C4 in Carboryl 
Group As Determined by Radioactivity Measurements of Both Gaseous and 
Liquid Phases 





| 




















Sample No. | Dosage Cle | cme zee | Pes pret heats 
— | | —___— 

1 0.17 X 108 1145 11,000 | 72.4 

2 0.33 X 108 2100 11,350 | 74.6 

3 0.66 X 108 2140 7,950 | 652.2 

4 1.32 X 108 4970 6,450 | 42.4 

5 1.98 X 108 6410 4,920 | 32.4 

7 5.28 X 108 8400 3,780 | 24.9 

8 Control 104 15,200 | 99.3 
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not | BOtreact. As the experiments here to be reported dealt with pure solu- 
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| cotic acid, which in high amounts interfere with the cyanogen bromide 
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reaction, did not enter into the picture. Hence the reaction as determined 
by the cyanogen bromide method was highly specific for niacin. 

Radioactivity Assay—The irradiated and control samples, in the ampuls, 
were each placed in a closed system containing a measured amount of 
sodium carbonate which was used as a carrier. The ampuls were then 
broken, and a dilute solution of sulfuric acid was added to the closed system 
to liberate carbon dioxide. The carbon dioxide was swept into a 10 per 
cent solution of sodium hydroxide and precipitated as barium carbonate, 
The barium carbonate was assayed for radioactivity, with the use of a 
helium-alcohol-filled Geiger-Miiller tube having a thin mica window (15 
mg. percm.”). Absorption corrections were made according to the method 
of Yankwich et al. (7). Radioactivity remaining in the niacin solution was 
determined by plating the solution directly onto copper disks (8) and count- 
ing as described above. 


EXPERIMENTAL 


3 ml. samples of tagged niacin solution, in sealed vials, were irradiated 
in duplicate by cathode rays produced at 3000 kv., for dosages of cathode 
rays varying from 0.17 X 10° to 5.28 X 10° roentgens-equivalent-physical 
(rep) (1). After irradiation, one set of samples, including a control, was 
assayed for niacin content chemically, and a duplicate set of samples was 
sent to Los Alamos for radioactivity determinations. The chemical assay 
results are presented in Table I. The results of the radioactivity assays 
are presented in tabular form in Table II and graphically in Fig. 1. The 
radioactivity assays were made of both the gaseous and the liquid phases 
in the ampul, as described above. 


Discussion of Results 


Niacin is decarboxylated by cathode rays, even at relatively low dosages 
(Table II). Splitting of the pyridine ring, as shown by chemical assays, 
does not begin to occur until the niacin has been bombarded by 0.66 X If 
rep of cathode rays, whereas 28 per cent of the niacin has been decar- 
boxylated by 0.17 X 10® rep. The greater percentage of the decar 
boxylation occurs with the lower dosages of radiation. Hence the curve 
for decarboxylation referred to dosage flattens out in the region of dosages 
higher than 1.98 X 10° rep. 

The spectrophotometric data indicate also that the ring is relatively 
stable, but a complete parallel between the chemical assay and the spectro 
photometric assay is not to be expected, for one specific compound (niacit) 
is measured by the chemical method, whereas the spectrophotometric ab- 
sorption curves are merely a resultant of all the breakdown products df 
niacin by the irradiation. 
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SUMMARY 


1. Niacin labeled with C™ in the carboxyl group was subjected to ir- 
radiation by high voltage cathode rays, and the effect of these radiations 
on the niacin was measured by both chemical and radioactivity assays. 

2. When niacin in a concentration of 100 y per ml. was irradiated, de- 
carboxylation to the extent of 28 per cent occurred with as little as 0.17 X 
10° rep of cathode rays, whereas splitting of the pyridine ring did not 
begin to occur until 0.66 X 10° rep of cathode rays had been applied. 

3. The rate of decarboxylation was increased with increments in dosage 
at lower levels but was less marked at dosages above 1.98 X 10° rep. 


4, Splitting of the pyridine ring appeared to require irradiation of greater 
magnitude than decarboxylation. 
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THE RESOLUTION OF SEVERAL RACEMIC AMINO ACIDS 
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t- and p-alanine have been prepared in quantity and with a high degree 
of optical purity by a simple and convenient method based upon the fol- 
lowing (1): (a) rat and hog kidney possess an enzyme which acts rapidly 
and asymmetrically upon N-acylated pi-alanine, hydrolyzing the acyl 
radical completely from the ui form, and leaving the N-acylated p form 
intact; (b) from such a digest, the free L-amino acid can be separated by 
addition of alcohol, leaving the soluble acyl-p-alanine in the mother liquor; 
and (c) hydrolysis of the separated acyl-p-alanine by hot mineral acid, 
followed by neutralization, yields the free p-amino acid. 

The asymmetric action of the kidney preparations with N-acylated 
derivatives of several other amino acids suggested that this method might 
be extended to the resolution of amino acids other than alanine (1). The 
present communication describes such an extension to the resolution of 
the isomers of racemic methionine, valine, threonine, isoleucine, serine, 
leucine, and aspartic and glutamic acids. The resolution of the basic 
and aromatic-substituted amino acids, as well as that of proline, presents 
special problems and will be described later. 


EXPERIMENTAL 


Since the method of resolution is substantially the same for all of the 
racemic amino acids so far studied, only a general procedure need be given. 
No particular difficulties have been encountered in the procedure as out- 
lined, each step proceeding quite smoothly. 

N-Acylation of Amino Acids—The rate at which a given kidney prepa- 
ration will attack a number of N-acylated amino acids depends upon at 
least two factors, namely (a) the nature of the acyl radical, and (b) the 
| nature of the amino acid. Thus, the rates of hydrolysis in terms of um 
of substrate cleaved per hour per mg. of N (1) for the formyl, acetyl, 
chloroacetyl, propionyl, and benzoyl derivatives of alanine are, respec- 
tively, 22, 203, 800, 220, and 2.1. The chloroacetyl appears to be the most 
susceptible of the derivatives studied (cf. also (1)) and is hydrolyzed roughly 
8 to 4 times more rapidly than the corresponding acetyl derivative. Where 


‘ Personal communication from Dr. P. J. Fodor. 
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chloroacetylation is convenient, it is recommended that this procedure be 
employed, and the chloroacetyl-pL-amino acid used as the starting mate. 
rial for enzymatic resolution. On the other hand, acetylation is cheaper 


and sometimes more convenient (as in the Knoop and Blanco (2) proge. | 


dure), and when the rates of hydrolysis of the acetyl-L-amino acids ap 
very high, as in the case of alanine, methionine, and leucine, it may be 
preferable to employ the acetyl-pL-amino acid as starting material for the 
resolution. 

We have employed acetyl-pi-alanine (1) and acetyl-pt-methionine (|) 


prepared by the Knoop and Blanco procedure (2) which permits the easy | 


accumulation of large stocks of these starting materials. All of the other 
amino acids studied were employed as the chloroacetylated derivatives, 
It is necessary to recrystallize these derivatives carefully from the ap. 
propriate organic solvents (generally acetone or ethyl acetate) in order to 
avoid introduction into the reaction mixture of any unchanged amino 
acid. 

The preparation of chloroacetyl-pi-serine (3), chloroacetyl-p1-threo- 
nine (1), chloroacetyl-pi-glutamic acid (4), and chloroacetyl-p1-leucine 
(5) has been described. pt-Valine, pi-isoleucine, and pDL-aspartic acid 
were chloroacetylated in the usual manner with chloroacety! chloride in 
alkaline solution, yielding products which after crystallization from ace 
tone possessed melting points, respectively, of 132°, 117°, and 149°, andN 
values of 7.2 (theory 7.2), 6.7 (theory 6.7), and 6.6 (theory 6.7). 

With the same acy] radical, and under identical experimental conditions, 
the rates of hydrolysis of different amino acids vary greatly (1). The 
rates of hydrolysis of acetyl-pu-leucine (1), acetyl-pL-isoleucine (1), and 
of acetyl-pt-norleucine (m.p. 112°, N found 7.9, calculated 8.1), in terms 
of um cleaved per hour per mg. of N are, for crude hog kidney aqueous 
extract, 250, 16, and 630 respectively, and, for a purified hog kidney e- 
zyme preparation (see below), 2270, 62, and 5500. For various acetylated 
amino acids studied so far, the order of susceptibility to enzymatic by- 
drolysis by hog kidney extract is, in descending order, methionine, norlet- 
cine = alanine, glutamic acid, valine, arginine, isoleucine, and histidine (1). 
For the chloroacetylated compounds studied, the values for the rate d 
hydrolysis progressively decrease in the following order: leucine = alt 


nine, serine, glutamic acid, aspartic acid, valine, threonine, isoleucine, ani | 


phenylalanine. Although we have invariably employed a purified & 
zyme preparation from hog kidney for all resolutions, it is probable thats 
crude, dialyzed aqueous kidney extract could be conveniently used for the 
resolution of the more susceptible compounds. For the less susceptible 
compounds, a purified enzyme preparation is essential. 

Preparation of Partially Purified Enzyme—The detailed description 4 
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the preparation of an active concentrate of the hog kidney activity has 
been given (1). The enzyme preparation is essentially recovered as a 
sediment which is soluble in 15 per cent alcohol at pH 5.7 at —7° and which 
is insoluble at pH 5.1 in the presence of 30 per cent alcohol at —15°. A 
6- to 10-fold increase in activity toward acylated p.L-alanine over the 
crude tissue extract is usually achieved. In the course of these studies it 
has been assumed that this concentration in activity was approximately 
effective against all acylated amino acids (except proline). 

Isolation of L-Amino Acids—The procedure follows essentially that 
described in the case of alanine (1) with a few modifications. 1 mole of 
the acylated racemic amino acid is dissolved or suspended in 100 ce. of 
distilled water, chilled, and treated with 6 N lithium hydroxide to pH 
7.2 to 7.6. The solution is warmed to 37° and treated with enough puri- 
fied enzyme solution to insure complete hydrolysis of the t form of the 
racemate in a few hours. The amount of enzyme needed is calculated 
from the observed rates of hydrolysis of the substrates by crude hog kidney 
extract corrected for the degree of concentration of the enzyme.2 The 
pH of the digestion mixture is adjusted to 7.6, and samples of the digest 
taken in the course of the digestion period for determination of car- 
boxyl nitrogen by the ninhydrin-CO, procedure. When about 80 per 
cent of the susceptible form has been hydrolyzed, fresh enzyme is usually 
added and the digestion carried for several hours beyond the point at which 
complete hydrolysis has been achieved. This is simply to insure complete 
hydrolysis, for unless this is accomplished the p-amino acid isolated at the 
end will contain some of the p form. Our customary practice is to set up 
such a digestion in the evening and allow it to run overnight. By early 
morning, the digestion is usually over. About 50 to 150 gm. of the acyl- 
ated amino acids are used at a time, although this amount could easily 
be increased. 

At the end of the digestion period, the mixture is acidified to pH 5.0 
with glacial acetic acid when the monoaminomonocarboxylic acids are 
employed. For the resolution of glutamic and aspartic acids the mixture 
is acidified to pH 3.2 with 85 per cent lactic acid. The acidified mixture 
is then shaken for 1 hour with norit, filtered, and evaporated in vacuo at 
40° to a very low bulk. The residue is transferred with the aid of a little 


| water to a flask and treated with an excess of absolute alcohol. After a 


few hours of standing at 5°, the L-amino acid is filtered by suction, washed 
several times with hot alcohol, and recrystallized from hot water and alco- 


* Rate values calculated as before (1) in terms of um of substrate hydrolyzed per 
hour per mg. of N in the crude hog kidney extract are for chloroacetyl-pt-valine 185, 
chloroacetyl-pt-leucine 800, chloroacetyl-pL-isoleucine 46, chloroacetyl-pi-glutamic 
acid 385, and chloroacetyl-pL-aspartic acid 96. 
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hol. The mother liquor and washings containing the acyl-p-amino agiq 

are combined and set aside for the preparation of the D-amino acid. 
Occasionally, some protein escapes the initial norit treatment and ap. 

pears in the L-amino acid fraction. A second treatment with norit when 





recrystallizing the L-amino acid serves to remove all trace of protein, | 


The L-amino acid so obtained is washed with alcohol and ether and dried 
in vacuo over P20, at 78° and 1 mm. of Hg pressure. The yields vary 
from 40 to 75 per cent, based upon the weight of acylated racemic amin 
acid taken. 

Isolation of p-Amino Acids—The mother liquor with combined wash. 
ings from the separation of the L-amino acids are brought to pH 1.0 tp 
2.0 by addition of concentrated hydrochloric acid and are evaporated in 
vacuo at 25° to dryness. The residue is taken up in the minimum amount 
of cold water and the aqueous mixture extracted 5 times with ethyl ace. 
tate. The acyl-p-amino acids pass into the ethyl acetate layer leaving 
salts and residual L-amino acid in the aqueous solution. The combined 
extracts are dried over anhydrous sodium sulfate and evaporated in vacw 
to dryness. The residue is washed several times with petroleum ether to 
remove any free acetic or chloroacetic acid. In order to remove any trac 
of contamination by L-amino acids, the residue is again dissolved in ace- 
tone, filtered, and evaporated to dryness. No attempt was made to iso 
late and characterize the acyl-p-amino acids which frequently crystallix 
at this stage. Instead, the residue is taken up in 10 times its weight of? 
N hydrochloric acid and refluxed for 2 hours. This period was found by 
Van Slyke ninhydrin analysis to be sufficient for complete hydrolysis d 
the acyl-p-amino acids. The solution is treated with a small amount of 
norit, filtered, and evaporated in vacuo to dryness. Excess hydrochlone 
acid is removed by two subsequent evaporations with water. The residue 
is finally taken up in the minimum amount of cold water, chilled further, 
and treated dropwise and with stirring with 4 Nn lithium hydroxide. l 





the case of the monoaminomonocarboxylic acids, the pH is adjusted t | 
5.0. In the case of glutamic and aspartic acids the pH is adjusted to 32 
An excess of absolute alcohol is added to precipitate the free p-amino acid. | 


After standing several hours at 5°, the amino acid is filtered and purified 
by recrystallization in the same fashion as the L isomer. The yields vary 


from 30 to 60 per cent, based upon the amount of acylated racemic amin | 


acid taken. 

Resolution Data on Amino Acids—The optical data on the amino acids 
prepared by the resolution procedure described are given in Table I 
The results compare favorably with those of other investigators obtainel 
by different methods. The preparation of optically pure isomers d 
threonine and of isoleucine suggests that either the respective DL-amill 
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) acid acids possessed inappreciable amounts of the allo forms, or else that these 
. forms were removed somewhere in the course of the reactions.’ 
id. ap. The advantages of our procedure are simplicity, and rapidity, of opera- 
when | tion and the possibility of working up nearly unlimited quantities of ma- 
‘otein, terial. From 8 to 10 kilos of fresh hog kidneys it is possible in 5 to 8 
‘dried 
3 Vary TaBle I 
amino Specific Rotations at 23° of Optical Isomers of Racemic Amino Acids Resolved by 
Asymmetric Enzymatic Hydrolysis of Their N-Acylated Derivatives 
wash: The numbers in parentheses refer to the bibliography. 
10 to | Present data Data in literature 
ted : Amino acid L form D form N 
moun calcu- | form, [alp D form, [a] 
N N 
yl ace lalp pt lalp pie! eee 
eaving p 
bine) | Alanine (1)...-.. +14.4¢ | 15.7 |-14.4% | 15.7 | 15.7 | +14.7 (6), | —14.5 (7) 
sy +14.6 (7) 
v vacu Methionine. ..... +21.6° | 9.4 |-21.5¢4| 9.4] 9.4] +20.7 (8) —21.2 (9), 
ther to —21.5 (8) 
y trace | Sa a ee +27.4¢ | 11.9 |—27.1% | 11.9 | 12.0 | +28.8 (10) | —29.0 (10), 
in ace ais 6 
to 8 | Threonine........|—28.5¢ | 11.6 |+28.5¢ | 11.6 | 11.8 | —28.3 (12) | +28.4 (12) 
stallize | Isoleucine........ +40.7* | 10.6 |—40.4* | 10.6 | 10.7 | +40.6 (13) | —40.9 (13) 
ht of2 | Serine........... +14.9¢ | 13.3 |-15.0¢ | 13.3 | 13.3 | +14.5 (14) | —14.3 (14) 
und by RMMGIND....2...5... +15.9/ | 10.7 |—15.6* | 10.7 | 10.7 | +15.8 (15) | —15.6 (15) 
lysis of | Glutamic acid... .|+32.0' | 9.4 |-31.9"| 9.3| 9.5 | +82.0 (16), | —30.1 (16), 
lysis 
tof +32.2 —32.0 
ous (17) (18) 
ochlont | Aspartic acid. ...|+25.2" | 10.4 |—25.3" | 10.5 | 10.5 | +25.1 (17) | —25.5 (16) 
residue 
further, 1.615 gm.in25ec. of LNHCl. 1.592 gm. in 25 ce. of 1 n HCl. 
de. | $0.21 gm. in 25 ce. of 0.2N HCl. 40.223 gm. in 25 ce. of 0.2 HCl. 
isted 0 | 0.249 gm. in 25cc.of 6NHCl. 10.208 gm. in 25 ce. of 6 N HCl. 
1 to 32. | * 0.500 gm. in 25 cc. of water. 40.620 gm. in 25 ce. of 6 Nn HCl. 
' *1.000 gm. in 25 cc. of 1 n HCl. i 0.954 gm. in 25 ce. of 6 N HCl. 
no ac” | *0.842 gm. in 25 cc. of 6N HC]. 0.520 gm. in 25 ce. of 6 N HCl. 
purified | "0.515 gm.in25cc.of6NHCl. ‘%*0.500 gm. in 25 cc. of 6 n HCl. 
lds vary 
c ami? | days to prepare an enzyme concentrate which will hydrolyze in a few 
hours at 37° about 100 moles of acylated racemic methionine. By suit- 
no “id ably enlarging the scope and operational procedures of the method, there 
Table |. 
obtained * Racemic alanine and isoleucine were Merck products. Threonine was obtained 
d from the Interchemical Corporation, valine from the Winthrop-Stearns, Inc., as- 
ap partic acid from Eastman Kodak, and methionine, leucine, serine, and glutamic 
)L- 


acid from the Nutritional Biochemicals Corporation. 
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is no reason why the yields of amino acid isomers may not be measured ip 
terms of kilos and at relatively low cost. This is particularly true if only 
the L isomer is wanted. 


The authors are indebted to Mr. Robert Koegel for the nitrogen an. | 


alyses. 


SUMMARY 


The method of resolving N-acylated racemic amino acids by means of 
asymmetric enzymatic hydrolysis of the L-acylated isomer, previously 
described for the case of alanine, has been extended to include the resolu. 
tion of racemic methionine, valine, threonine, isoleucine, serine, leucine, 
and aspartic and glutamic acids. 
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HEMATOLOGIC EFFECT IN RATS OF PTERINS 
STRUCTURALLY RELATED TO PTEROYL- 
GLUTAMIC ACID* 


By MARIAN E. SWENDSEID, E. L. WITTLE, G. W. MOERSCH, 
O. D. BIRD, anp RAYMOND A. BROWN 


(From the Research Laboratories of Parke, Davis and Company, Detroit) 


(Received for publication, January 24, 1949) 


The realization that there are synthetic and naturally occurring sub- 
stances which inhibit the metabolic action of certain compounds has led to 
the more or less systematic quest for these inhibitors as they relate to a 
variety of metabolites. The current status of this work has been reviewed 
by Woolley (1). 

Since pteroylglutamic acid (PGA) is essential for hematopoiesis in many 
animal species, the biologically effective inhibitors of this vitamin would 
be expected to cause a depression in cellular elements of the peripheral 
blood (2). Synthetic products structurally related to PGA have now been 
described which are capable of influencing the hematopoietic process in a 
number of different animals, including man (3-12). Of the compounds 
studied thus far 4-amino-PGA (pteroylglutamic acid having the hydroxyl 
group at position 4 replaced by an amino group) has proved to be the most 
potent inhibitor. For this reason we have thought it of interest to report 
some experiments which compare the hematologic effect in rats of several 
pterins structurally related to pteroylglutamic acid with various substitu- 
ents at the 4 position. 

Since the general basis for selection of these particular compounds was 
their bacterial inhibition index, a comparison will also be made of the in- 
hibition indices of these pterins on bacteria requiring a nutrient source of 
PGA. 

It will be seen that in this study pterins without the p-aminobenzoyl- 
glutamic acid group but with a 4-amino substituent are relatively less in- 
hibitory towards Lactobacillus casei than Streptococcus faecalis. In rats, 
under conditions of the experiment, these pterins appear to depress leuco- 
cyte formation more than the formation of red blood cells, whereas pterins 
with a p-aminobenzoylglutamic acid group as well as a substituted group 
at position 4 cause both an anemia and a leucopenia. 

An incidental result of the study has been to show that in several in- 
stances pterins which at a high dietary level cause leucopenia at a lower 


* Presented at the meeting of the Federation of American Societies for Experi- 
mental Biology, March, 1948. 
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dietary level actually serve, either directly or indirectly, to maintain leuco. 
cytes within a normal range. 


EXPERIMENTAL 


Compounds Used—The synthetic pterins which were used in these studies 
2-amino-4-hydroxy-6 ,7-diphenylpteridine, 2 ,4-diamino-6 ,7-diphenylpter. 
dine, and 2,4-diamino-6,7-dimethylpteridine, were prepared essentially 
as described by Mallette et al. (13) and Cain et al. (14). The 4-amino 
PGA, (N[4-{ ([2 ,4-diaminopteridyl-6]methyl)amino}benzoy||glutamic acid), 
was prepared by condensing the reaction product of p-aminobenzoylglutamir 
acid and a-bromoacrolein with 2,4,5,6-tetraminopyrimidine. The crud 
reaction product was purified by a procedure similar to that used fo 
pteroylglutamic acid (15). An analytically pure sample of the magnesium 





salt CigHisO;NgsMg-3H,0 gave an inhibition index of 2 for S. faecalis at | 


a concentration of pteroylglutamic acid of 0.005 y per 10 cc. This calev. 
lates to an inhibition index of 1.7 for the free acid. Highly purified sam. 
ples of the free acid gave inhibition indices ranging from 0.8 to 2. In this 
work a sample of 4-amino-PGA of inhibition index of 2 was used. The 
4-desoxypteroylglutamic acid was prepared by condensing the reaction 
product of p-aminobenzoylglutamic acid and a-bromoacrolein with 2,4,5 
triaminopyrimidine. The crude reaction product was used without purif- 
cation. 

Experiments with Bacteria—The effect of the pterins mentioned on the 
growth of S. faecalis and L. casei, both of which require a nutrient soure 
of PGA, was determined. The medium used for the growth of S. fa 
calis was that of Teply and Elvehjem (16). JL. caset was grown on the 
medium of Mitchell and Snell (17). For each compound investigated, 
the inhibition index was determined; that is, the ratio of inhibitor con 
centration to PGA concentration at which half inhibition of growth d 
the organism occurs. The general procedure was to set up a series d 
tubes with a constant amount of PGA (0.5 mugm. per tube for L. cam 
and 5 mugm. per tube for S. faecalis) and varying amounts of inhibitor 
After the incubation period, growth was measured turbidimetrically and 
the point of half inhibition of growth was obtained. 

Experiments with Rats—The pterins were administered to weanling ralt 
to determine whether they produced the hematologic pattern, anemia with 
accompanying leucopenia, that is characteristic of PGA deficiency. 

In order to facilitate comparison of the hematologic effects of these com 
pounds the following assay procedure was adopted: Weanling rats wer 
placed on a basal diet of the following percentage composition: purified 
casein 18, cerelose 66, Jones and Foster salt mixture (18) 4, cottonseed dl 
6, corn oil 2, “sulfasuxidine” 2, thiamine 0.014, riboflavin 0.014, pyridoximt 
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0.014, pantothenic acid 0.18, nicotinic acid 0.18, inositol 0.18, and choline 
1.08. The rats were treated with 5500 units of vitamin A, 500 units of 
vitamin D, and 7 mg. of mixed tocopherol orally once a week. This diet 
was supplemented with varying amounts of the pterin under investigation. 
The test period was standardized at 14 days. At the end of that time 


hemoglobin concentrations were determined and leucocyte counts made 
(19). 


Results 


In Table I, inhibition indices for the various pterins are reported with 
S. faecalis and L. casei as the test organisms. These indices are on the 
basis of a weight ratio, since the pterins were also to be compared from the 
standpoint of weight in animal feeding experiments. It can be calculated 


TABLE I 
Effect of 4-Substituted Plerins on Bacterial Growth 





Inhibition index® 
Substituted pterin 














S. faecalist , caseit 

2,4-Diamino-6, 7- 7-diphenylpteridine eee eee a ee ; 10 200 ,000 
2,4-Diamino-6,7-methylpteridine........ Et | 5,000 | 50,000 
2-Amino-4-hydroxy-6,7- diphenylpteridine. . pie eae | 40,000 | 200 ,000 
4-Aminopteroylglutamic acid. . pai : 2 8 
4-Desoxypteroylglutamic acid (crude) Bes eRe. Sere 30 50 








* Weight ratio of substituted pterin to PGA at which half inhibition of growth 
of the organism occurs. 


t 5 myugm. of PGA per tube. 
{0.5 mugm. of PGA per tube. 


that on the basis of a molecular ratio the indices for the pterins not con- 
taining the p-aminobenzoylglutamic acid substituent would be somewhat 
higher. 

It was found that the pterins not containing the p-aminobenzoylglutamic 
acid group were much more effective in inhibiting the growth of S. faecalis 
than that of L. casei. The most potent of these compounds, as an inhibi- 
tor for the former organism, was 2,4-diamino-6 ,7-diphenylpteridine with 
an inhibition index of 10. 

Those pterins containing the p-aminobenzoylglutamic acid group (4- 
amino-PGA and 4-desoxy-PGA) have approximately the same inhibition 
index for S. faecalis as for L. casei. The efficacy of 4-desoxy-PGA as a 
bacterial growth inhibitor cannot be properly evaluated, since it was not 
used in the pure form. 


In rat studies, the level at which 2,4-diamino-6 ,7-diphenylpteridine ex- 





ee 
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erted a hematologic effect was first determined. It will be seen from Table 
II that a dietary concentration of 50 mg. per cent of this compound pro. 
duced a leucopenia with agranulocytosis but had no effect on hemoglobin 
concentration. The leucopenia could be prevented by the simultaneous 





inclusion in the diet of equivalent amounts of PGA. At this same dietary | 


concentration of 50 mg. per cent, the two pterins, 2-amino-4-hydroxy-6,7. 
diphenylpteridine and 2 ,4-diamino-6 ,7-dimethylpteridine, had noeffecton 
the hematologic pattern. Thus substitution of a hydroxy for an amino 
group in the 4 position or substitution of methyl groups for phenyl groups 
in the 6 and 7 positions reduces the inhibitory effect of the pterin. When 




















TaBLe II 
Hematologic Effect on Rat of Some 4-Substituted Pterins 
on adil 
Total | « 
Supplement in ration — leo, — tone 
Pte per c.mm,| per c.mm., me 
None 12,400 | 2200 13.7 
2,4-Diamino-6,7-diphenylpteridine 50 4,200 | 150 14,1 
50 mg. % PGA with 2,4-diamino-6,7-diphenyl- 50 12,800 | 2000 13.8 
pteridine 
2,4-Diamino-6,7-dimethylpteridine 50 12,700 | 3350 13.0 
- 500 5,300 650 13.2 
2-Amino-4-hydroxy-6,7-dipheny] pteridine 50 9,700 | 1850 13.8 
4-Aminopteroylglutamic acid 0.3 | 6,200 | 250 9.1 
0.3 mg. %YPGA* with 4-aminopteroylglutamic 0.3 | 11,150 | 2100 | 14.0 
acid 
4-Desoxypteroylglutamic acid (crude) 500 | 7,250 750 7.5 








* The values represent the average obtained with six rats; experimental period,! 
weeks. 


the dietary concentration of 2,4-diamino-6,7-dimethylpteridine was it 
creased ten times, it did have an effect on the blood picture similar t0 
that of 2,4-diamino-6 ,7-diphenylpteridine in that only the leucocyte levd 
was lowered, while the hemoglobin concentration remained the same. I 
was further found that, with animals fed these pterins capable of d 
pressing leucocyte levels, death would ensue, while hemoglobin concer 
trations were still in the normal range. 

e When 4-amino-PGA was investigated, it was found (Table IT) that, cor 
comitant with the development of leucopenia with agranulocytosis, tht 
hemoglobin concentration was also lowered. The anemia which developed 
was found generally to be normocytic and normochromic. These hemate 
logic changes occurred when 4-amino-PGA was present in the diet in tht 
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amount of 0.3 mg. per cent. When the dietary concentration was doubled, 
the rats would not survive for the test period of 14 days. The hematologic 
changes, as shown in Table II, were completely prevented by the dietary 
addition of PGA in amounts equivalent to 4-amino-PGA. Data obtained 
with crude 4-desoxy-PGA show that this compound acts similarly to 4- 
amino-PGA to produce both agranulocytosis and a reduction in hemoglobin 
concentration. However, a much greater amount of 4-desoxy-PGA, 500 
mg. per cent in the diet, is necessary to cause this change in the blood 
picture. 

In Table III data are presented on some experiments of 5 weeks duration. 
Rats fed the basal diet containing “sulfasuxidine” develop agranulocytosis 
during this period (20). When PGA inhibitors are added, however, 
at concentrations too low to cause any leucocyte reduction at a 2 weeks 


Tase III 
Effect of Low Concentrations of Some 4-Substituted Pterins on Leucocytes of Rat 




















Supplement in ration Amount —— JT 

= per ¢.mm. | per c.mm. 
eee ee re en eee eee 9,050 550 
TTI Kind wine tiie eile ae ables Siete ate kink ie 100 12,000 2900 
2,4-Diamino-6,7-dimethylpteridine.................. 50 23 , 500 6850 








* The values represent the averages obtained on six rats; experimental period, 5 
weeks, 


interval, this agranulocytosis is prevented. With both 4-desoxy-PGA and 
2,4-diamino-6 ,7-dimethylpteridine, the granulocyte as well as the total 
leucocyte level is within or higher than the normal range. It appears, 
therefore, that at least some PGA inhibitors at low concentrations are 
capable of stimulating leucocyte production. 


DISCUSSION 


Daniel et al. (6) have made an extensive study concerning the inhibition 
of bacterial growth by a series of pterins which did not have a p-amino- 
benzoylglutamic acid substituent. Our results with these same compounds 
are very similar to theirs. When they extended their study to chicks 
(21), they observed that several of the pterins caused a pronounced lower- 
ing of hemoglobin concentration. The effect on leucocytes was not men- 
tioned. In our experiments with the rats, which were fed a basal diet, 
free from PGA and supplemented with “sulfasuxidine,” we observed that 
with compounds of this type changes in the peripheral blood were con- 
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fined to leucocyte formation. These differences between our experimental 
results and those of Daniel and coworkers might well be due to a species 
difference, since avian blood morphology varies greatly from that of the 
rat. 

The preferential effect on rat leucocytes of 4-amino-substituted pterins 
without the p-aminobenzoylglutamic acid group has been demonstrated 
for two different compounds. The possibility is suggested that break. 
down products of PGA comprising only a portion of its molecule might 


function to some degree in the maturation of the leucocyte, but not in red_| 
blood cell formation. This suggestion gains credence from a consideration | 
of the data on bacterial growth where it has been shown that the 4-amino | 


substituted pterins without the p-aminobenzoylglutamic acid residue ar 
most effective as inhibitors for Streptococcus faecalis, which does not require 
the complete PGA molecule for growth (22). 

It has been observed that certain antimetabolites, which in larger 
amounts inhibit bacterial growth, when present in smaller amounts actu- 
ally stimulate bacterial growth (1). A somewhat analogous situation 
would appear to result with regard to rat leucocytes when low concentt- 
tions of certain of the PGA inhibitors are fed, since the leucocyte levels are 
maintained at a normal or elevated range when granulocytopenia has de 
veloped in control animals not fed PGA inhibitors. It may be that thes 
PGA inhibitors act to increase leucocyte production indirectly through their 
stimulation or depression of the as yet unknown factors which regulate 
cell marrow release and cell destruction. 

Some data have been given showing that PGA can prevent the hemato 
logic effect of the 4-amino-substituted pterins studied here. This is, d 
course, additional evidence that these pterins exert their influence on blood 
cell formation by interfering with the function of PGA. 

From their bacterial growth study, Daniel and coworkers (6) have show 
the importance of the 4 position group on the pteridine ring in the PGA 
molecule. In the rat as well, it would appear that the 4 position group m 
the pteridine ring has a key function in enabling PGA to assume its prope 
metabolic réle. 


SUMMARY 


Some 4-substituted pterins, structurally related to pteroylglutamic acid 
have been compared as to their effects on the growth of bacteria requiritg 
a nutrient source of PGA and on the production of blood cells in the rat fel 
a purified diet, free from PGA and supplemented with “sulfasuxidine.” 

Those pterins not containing the p-aminobenzoylglutamic acid group 
had a lower inhibition index for Streptococcus faecalis than for Lactobacillw 
casei. The most effective inhibitor of this type of compound, 2, 4-diamine 
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6,7-diphenylpteridine, when fed to rats, caused a leucopenia but no reduc- 
tion in hemoglobin. The other compounds tested had no such effect when 
fed at the same level. 

The compounds 4-amino-PGA and 4-desoxy-PGA inhibited growth of 
both S. faecalis and L. caset. These compounds when fed to rats caused 
anemia as well as leucopenia. 4-Amino-PGA was the most potent in- 
hibitor both as to its effect on bacterial growth and on the hematologic 
pattern in rats. 

The effects of the 4-substituted pterins on the blood picture of rats can 
be prevented by the dietary addition of PGA. 

Some of the 4-substituted pterins, which cause leucopenia at high dietary 
levels, at a lower dietary level stimulate leucocyte production. 
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BIOSYNTHESIS OF UREA 


I. ENZYMATIC MECHANISM OF ARGININE SYNTHESIS FROM 
CITRULLINE* 


By S. RATNER anp ANNE PAPPAS 


(From the Department of Pharmacology, New York University College of 
Medicine, New York) 


(Received for publication, February 4, 1949) 


In urea synthesis, according to the Krebs-Henseleit ornithine cycle (1), 
the transfer of nitrogen to citrulline to form arginine (Step II) was thought 
to occur from NH;. It was not until Cohen and Hayano (2) succeeded 
in demonstrating rapid arginine synthesis in liver homogenates from glu- 
tamic acid and citrulline that the transfer from an amino acid rather than 
from NH; was recognized as a main pathway in urea formation. Under 
their conditions, arginine was formed in the presence of oxygen, Mgt, 
and catalytic amounts of adenosine triphosphate (ATP). This was the 
same reaction observed earlier by Borsook and Dubnoff (3) in kidney slices 
and considered at the time to be a transamination with simultaneous 
oxidative removal of 2 H atoms (transimination). An a-keto acid, sup- 
posedly the second product of the reaction, would of course escape de- 
tection in respiring preparations. Whereas in the kidney slice experi- 
ments of Borsook and Dubnoff, both aspartic and glutamic acid were 
equally effective as amino group donors, Cohen and Hayano found in 
liver homogenates that glutamic acid was about 4 times as effective as 
aspartic acid. They concluded therefore that glutamic acid was the speci- 
fic donor in the Borsook-Dubnoff reaction, aspartic acid being utilized 
only to the extent that it could be converted to glutamic acid. 

This investigation was undertaken to elucidate further some fundamen- 
tal aspects of the enzymatic mechanism involved. 

As briefly reported earlier, it has been possible to obtain arginine syn- 
thesis with a partially purified enzyme system prepared by alcohol frac- 
tionation of acetone powder extracts of mammalian liver (4). In the 
isolated system, aspartic acid and citrulline are converted to arginine and 
malic acid in the presence of Mg++. ATP participates directly as a re- 
actant and the reaction proceeds anaerobically without involving the trans- 
port of H atoms. In view of the evidence presented below, the transfer 


* Aided by grants from the Williams-Waterman Fund of the Research Corpora- 
tion, the American Cancer Society (recommended by the Committee on Growth of 


the National Research Council), the Office of Naval Research, and the United States 
Public Health Service. 
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of nitrogen is formulated as an exchange between the OH group of the 
isourea form of citrulline and the amino group of aspartic acid through 
formation of an intermediary condensation product, as shown in Re- 
| action 1. 

Intermediary Condensation Product—That malic acid formation is actu- 
ally associated with arginine synthesis is shown by the following evi- 
dence: Neither product of the reaction appears unless both citrulline 
and aspartic acid are present simultaneously; malic acid always appears 
' in amounts equivalent to the arginine formed; malic acid cannot be formed 
| from aspartic acid independently. It may be seen from Table I that 
| with the complete system (citrulline, aspartic acid, ATP, generated from 
| phosphoglyceric acid, and Mgt*) an equal amount of arginine and malic 
| acid was formed in the 20 minute period, while in the absence of either 
| aspartic acid or citrulline no reaction occurred. It is especially signifi- 
cant that, when citrulline was omitted (Table I, Line 2), malate was not 
formed from aspartic acid. The possibility that malic acid might be 
formed by a separate reaction was tested further. When an alcohol- 
fractionated and thoroughly dialyzed preparation was used as the en- 
zyme source, such as that used to obtain the data shown in Table I, 
neither malic acid nor arginine was formed when aspartic acid was re- 
placed by NH; or by the combination of NH; and oxalacetic acid. This 
may be taken not only as evidence that NH; is unreactive in this system, 
but also that malic acid cannot be formed by reduction from oxalacetate. 
Further proof is afforded by evidence that any pyridine nucleotides which 
might participate in hydrogen transport have been removed. The prepara- 
tion employed contains some malic dehydrogenase and glutamic dehy- 
drogenase. When oxalacetic acid and glutamic acid were present to- 
gether, in the absence of citrulline, no malic acid was formed (Table I, 
Line 6). These dehydrogenases are known (5) to be capable of catalyzing 
the following dismutation: glutamate + oxalacetate — a-ketoglutarate 
+ NH; + malate. Under such conditions malate should have appeared 
if diphosphopyridine nucleotide (DPN) had been present in sufficient con- 
centration.? It is therefore evident that under our experimental condi- 
tions the system is incapable of forming malic acid by reactions other 
than that involving interaction between citrulline and aspartic acid, 
even when oxalacetate and a source of H atoms are supplied. 

The fact that arginine and malic acid are formed simultaneously from 
the interaction of the two substrates strongly suggests that the mechanism 
of nitrogen transfer involves a preliminary condensation of the amino 
group of aspartic acid with the ureido C of citrulline to form a C—~NH—C 


*See the last section of Paper IJ concerning the DPN dependence of this reac- 
tion. 
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linkage, followed by cleavage on the second side of the nitrogen, as show 
in Reaction 1. 

The question arises as to whether Reaction 1 is mediated by a single ep. 
zyme, with transient formation of the intermediate such as is postulated 
in transamination between keto and amino acids (6, 7), or whether i 
proceeds in a stepwise manner. Very recently two enzymes have bee 
separated by repeated ammonium sulfate fractionation of acetone powde 
extracts of ox liver (8). One of them catalyzed Reaction 1, a, as show 
by the disappearance of citrulline and the simultaneous appearance ¢ 
inorganic phosphate. When the resulting deproteinized reaction mixtur 


TABLE I 
Synthesis of Arginine from Citrulline in Alcohol-Fractionated Extract of Ox Lim 
Acetone Powder 
Each tube contained in addition 4 um of ATP, 13 um of MgSQ,, 0.4 ml. of pho 
phate buffer, pH 7.5, enzyme preparation containing 31 mg. of protein and 8 my. 
of muscle extract in a final volume of 4 ml. Time 20 minutes; 38°. 
| 




















Substrate added Found 
——. — — ~~ ‘lycerate, Arginine | L-Malic adi 
Py 
+ + a 14.4 14.5 
a + 0.0 0.0 
+ 5 We 0.9 1.0 
+ + 4 7.0 6.8 
+ + + 0.0 0.0 
+ + + 0.0 0.1 
+ + + 0.0 | 0.2 














was incubated with the second enzyme, arginine and malic acid wer 
formed simultaneously as shown in Reaction 1, b, by what appears tol 
a purely hydrolytic step. A detailed study of the two enzymes is nowi 
progress and will be reported at a later date. The preliminary resull 
indicate, however, that, under suitable conditions, accumulation of th 
postulated intermediate can be demonstrated, and that the transfer d 
the —NH, group proceeds by at least two enzymatic steps. 

Réle of ATP—Unlike keto-amino transamination, high energy phi 
phate (~ph)* is utilized in Reaction 1 and the phosphate transfer occus 
specifically from ATP. For reasons which are not at present understool 
ATP causes inhibition in concentrations above 5 X 10° m, but at thi 


?This symbol as a designation of the energy-rich phosphate bond follows th 
usage introduced by Lipmann (9). 
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level 3 to 4 uM of arginine are formed in a 20 minute period from 10 um 
of ATP as the only source of ~ph, under conditions otherwise similar 
to those employed for obtaining the data given in Table I. 

Competition with contaminating adenosinetriphosphatase (ATPase), 
which was appreciable even in alcohol-fractionated preparations, intro- 
duced uncertainties in the investigation of the stoichiometric participa- 
tion of ATP. However, recent evidence obtained from a preliminary 
study of Reaction 1, a, in which ammonium sulfate-fractionated enzyme 
was employed, indicates that inorganic phosphate and an intermediate 
product are formed in equivalent amounts. Whether phosphorylation 
precedes condensation or occurs simultaneously with it remains to be 
investigated. 

Nature of Condensation—Sufficient data are not available to permit the 
calculation of the energy change in each step of the ornithine cycle, but 
it is reasonable to assume, in view of the endergonic nature of urea syn- 
thesis from NH; and COs, that citrulline and arginine formation are each 
endergonic, and that, as far as arginine synthesis is concerned, it is in 
the condensation Reaction 1, a, that energy, derived from ATP, is actually 
utilized. 

The condensation product is a substituted guanidine, whereas a Schiff 
base type of compound is formulated as an intermediate in keto-amino 
transamination. It seems more probable that aspartic acid will condense 
with the isourea rather than the urea form of citrulline, since O-methyl 
and S-methyl isourea readily form guanidines with amines, chemically, 
whereas urea does not. Although information regarding the phosphoryla- 
tion step is still lacking, phosphorylation of isocitrulline would appear to 
be more likely than aspartic acid phosphorylation, for it provides a means 
of shifting the citrulline equilibrium toward the isourea form. Once the in- 
termediate is formed, hydrolytic cleavage of the C—N bond of the as- 
partic acid moiety would presumably be favored by the formation of the 
highly resonating monosubstituted guanidine group of arginine as com- 
pared to the more restricted resonance of the N , N’-disubstituted guanidine 
group of the intermediate (10). 


Properties of Enzyme System 

Phosphoglyceric Acid As Generator of ~ph—Owing to competition with 
ATPase, the rate of the over-all reaction is low to a misleading degree, 
when ATP is used directly. In order to approach maximum rates, and 
at the same time to avoid the complications of ATP inhibition, it was found 
more feasible to employ ATP as the catalyst and phosphoglyceric acid as 
the source of ~ph. In making use of phosphoglyceric acid as a source of 
~ph, advantage has been taken of the presence of phosphoglyceromutase 
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(11), enolase (12), and phosphoenol transphosphorylase in acetone poy. 
der extracts of liver. These enzymes are likely to be limiting in the crug 
extract and to become increasingly more so upon fractionation. They 
were therefore supplied in excess by addition of an ammonium sulfa 
fraction prepared from rabbit muscle extract. This muscle fraction jp. 
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Fic. 1. Dependence of the rate of arginine synthesis on the concentration oft 
aspartate, t-citrulline, magnesium sulfate, ATP (scale 0 to 5 um), and 3-phospht 
glycerate. In A, B, C, and D, Curve 1 represents acetone powder extract, 38 mg. 
protein per tube; Curve 2, as in Curve 1, supplemented with muscle extract. Tk 
conditions are otherwise as in Table I. 


creased the rate of arginine synthesis, without itself possessing arginine 
synthesizing activity. 

The phosphoglyceric acid dependence curves (Fig. 1, C) show thats 
large excess was required in order to achieve maximum rates and that th 
addition of muscle extract caused a 35 per cent stimulation. The AT 
curves in Fig. 1, C show that under these conditions ATP functioné 
catalytically; maximum rates were reached with 1.6 uM. 

Optical Specificity—The enzyme system reacts only with the natuml 
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isomers of citrulline and aspartic acid. Optical specificity was investi- 
gated on a rate basis, in each case the activity of the pL isomer being com- 
pared with that of the L isomer at two concentrations. As shown in 
Table II, the rate of arginine synthesis is the same with 20 um of pL-aspartic 
acid as with 10 uo of the t form and similarly with citrulline. 

Identification of Products of Reaction—Although little doubt now re- 
mains that urea is formed exclusively from arginine, alternative pathways 
(see for example Bach (13)) have occasionally been proposed. Arginase 
was present in excess in all the enzyme preparations employed and arginine 
was therefore estimated as urea by the colorimetric method of Archibald 
(14). In order to establish with certainty that arginine was the primary 
product, ornithine was isolated from a large scale enzymatic run and 
identified as dibenzoyl-L-ornithine (see ‘“‘Experimental’’). J-Malic acid 


Taste II 
Optical Specificity of Aspartic Acid and Citrulline in Arginine Synthesis 
The conditions are as in Table I, but without muscle extract. 





| | Arginine found 























Amino acid varied Added aah 2 

20 min. 40 min. 60 min, 
pM pM pM uM 

1-Citrulline.............. 20 11.3 15.4 15.0 
EE ee otics CeCe od 10 7.6 7.5 y 
pi-Citrulline............ 20 7.5 7.5 7.5 
ae 20 12.0 15.4 15.8 
MSO; o ear. rans 10 7.6 8.4 8.0 
pL-Aspartate............ 20 7.6 8.2 8.0 





was identified enzymatically by means of a highly purified preparation of 
the “malic”? enzyme of Ochoa, Mehler, and Kornberg (15), which acts 
only on the | form, and by isolation as cinchonine /-malate. 

Substrate Specificity—Thus far no amino acid other than aspartic acid 
has been found to react with citrulline. The amino acids tried were pL- 
serine, DL-lysine, pL-isoleucine, L-leucine, L-proline, pt-alanine, DL-amino- 
adipic acid, pL-aminopimelic acid, L-tyrosine, L-histidine, pL-tryptophan, 
DL-ornithine, pu-valine, L-cysteine, glycine, pt-methionine, pi-threonine, 
pDL-phenylalanine, and u-glutamic acid. They were all tested both with 
and without oxalacetic acid, at the concentration known to be optimum 
for aspartic acid, with a 40 minute incubation period and twice the amount 
of acetone powder extract ordinarily used. 

Aspartic acid may be replaced by a combination of glutamic acid and 
oxalacetic acid, but not by glutamic acid alone (Table I, Lines 4 and 5). 








1190 BIOSYNTHESIS OF UREA. I 


The activity of this combination can be readily explained by the formy. 
tion of aspartic acid by transamination. This has been corroborated by 
the assay of various preparations for glutamic-aspartic transaminase “ 
tivity. Although the rate of aspartic acid appearance under the exper. 
mental conditions employed for arginine synthesis cannot be calculate 
from the assay data, the relationship can be shown by comparing, in seven 
preparations, the rate at which arginine is formed by the combination ¢ 
glutamic and oxalacetic acid, or aspartic acid, with the transamingg 
concentration of the preparation. For example, in 20 minutes, 0.5 ml. ¢ 
a crude extract of ox liver acetone powder, containing 30 units of tran. 
aminase (see ‘“Experimental’”’), catalyzed the formation of 8.1 um of » 
ginine with aspartic acid, and 7.2 um with glutamic and oxalacetic acid 
while 0.4 ml. of the alcohol-fractionated preparation used to obtain th 
data in Table I, containing 12 units of transaminase, catalyzed the form 
tion of 14.4 um of arginine with aspartic acid, and 7.0 um with glutamic an 
oxalacetic acids, in the same period of time. In other words, the diffe. 
ence between the two rates is small when transaminase is present in e 
cess, but very large when the transaminase concentration is limiting 
Acetone powder extracts of rat liver were found to behave in an entirey 
similar way toward aspartic acid, toward glutamic acid, and toward th 
combination of glutamic and oxalacetic acids. .Presumably the same my 
be said of mammalian liver in general. 

If glutamic-alanine transaminase were also present in acetone powde 
extracts, the combination of alanine, oxalacetic acid, and a catalyti 
amount of a-ketoglutaric acid would be expected to form aspartic acid 
as suggested by Green, Leloir, and Nocito (16) and demonstrated ly 
O’Kane and Gunsalus (17). This combination, tested in acetone powde 
extracts, did not give rise to aspartic acid (as measured by arginine » 
pearance) for the reason that glutamic-alanine transaminase, being le 
in liver tissue to start with, probably fails to survive acetone treatment 

The formation of arginine from a-aminoadipic acid and citrulline? 
kidney slices, reported by Dubnoff and Borsook (18), might be interpretel 
in view of Braunstein’s observation (19) that a-aminoadipic acid can tram 
aminate with pyruvic acid, by the presence in slices of enzymes capabl 
of transferring the amino group of a-aminoadipic acid to oxalacetate 
transamination reactions. Acetone powder extracts were tested wil 
a-aminoadipic acid and various combinations of oxalacetic acid, pyruv 
acid, and a-ketoglutaric acid in the hope of coupling the two transamil 
ting systems. The results were negative, as with alanine. 

Substrate Dependence and Other Properties—The enzyme system, whi 
is quite soluble, can be readily extracted from acetone powders of malt 
malian liver (rat, pig, ox) with water or dilute phosphate buffer, andi 
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fairly stable to low temperature fractionation with ethyl alcohol or am- 
monium sulfate. The pH optimum of the over-all reaction lies between 
pH 7.4 and 7.5 in agreement with that found by Cohen and Hayano (20) 
for liver homogenates. 

The requirement for Mgt is rather high, as shown in Fig. i, D, half 
saturation occurs with 3.8 um of MgSO, with and without muscle extract, 
corresponding to 0.95 X 10-*m. In addition to the known dependence 
upon Mg++ of ~ph transfer from phosphopyruvic to adenosine diphos- 
phate, Mg** is specifically required in the condensation Reaction 1, a. 
When ATP was the only ~ph donor, the reaction did not proceed in the 
absence of Mg** and, in the presence of the latter, 0.01 m fluoride caused 
approximately 50 per cent inhibition. Studied separately, the condens- 
ing enzyme showed, in common with a number of other phosphate-trans- 
ferring enzymes, the same specific requirement for Mg** and inhibition 
by fluoride as the over-all system. These observations indicate in part 
the basis of the fluoride inhibition found in homogenates by Cohen and 
Hayano (2). 

Citrulline and aspartic acid concentration dependence curves are shown 
in Fig.1, Band 1, A. Half saturation of the enzyme system was reached 
in both cases with 4.8 um (1.2 X 10-* m) with and without added muscle 
extract. 

Estimation of Enzyme Activity—In order to estimate the specific ac- 
tivity (units per mg. of protein) of various fractions, as purification pro- 
ceeds, a unit has been chosen as the amount of enzyme which will cata- 
lyze the formation of 1 um of arginine per hour under standardized test 
conditions, these being a 20 minute incubation period during which time 
no more than 10 un of arginine have been formed from the 20 um of citrulline 
and aspartic acid added. Under these conditions the rate of arginine 
formation is linear from 10 to 25 minutes, as shown in Fig. 2, A. An in- 
duction period may be noted in the first 10 minutes, undoubtedly due to 
the time lag necessary to reach an optimum concentration of intermedi- 
ate, as might be expected in a stepwise reaction. It was not abolished 
by the addition of muscle extract and is therefore not likely to be associ- 
ated with a limit in ATP formation. Above 25 minutes, the rate falls 
off, owing to declining substrate concentrations. 

Regardless of the specific activity of the preparation, enzyme concen- 
tration dependence studies reveal a disproportionate increase in activity 
with increasing enzyme concentration. Fig. 2, B shows the rates obtained 
with three different preparations. Since muscle extract was added in 
excess, and separate experiments indicated that arginase was not a limit- 
ing factor, the exponential effect may be ascribed to the presence of the 
two enzyme components of Reaction 1, mentioned above. 
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The choice of conditions for estimating specific activity must be some. 
what arbitrary under such circumstances. In actual practice during 
fractionation, the conditions were sufficiently reliable to permit recovery 
of most of the initial activity. Muscle extract was routinely added in 
excess and, when necessary, 1 mg. of a partially purified arginase prepar. 
tion, having a specific activity of 34 units per mg., was also added (se 
“Experimental’’). 
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Fic. 2. Dependence of the rate of arginine synthesis on time and on enzyme con 
centration. In A, Curve 1 represents acetone powder extract containing 52 mg. d 
protein per tube; Curve 2, the same, supplemented with muscle extract. In B, 
Curves 1 and 2 represent alcohol-fractionated preparations of specific activity 1/ 
and 0.75 respectively; Curve 3, acetone powder extract of specific activity 0.57. 
The conditions are otherwise as in Table I. 


Data for the specific activity of several alcohol-precipitated fractions, a 
compared with the initial extract, are given in Table III. In the particu 
lar preparation recorded, after one fractionation procedure, the activity 
was found to concentrate in Fractions 3 and 4, the latter having the high- 
est activity and a 3-fold purification over the original extract. Difficulty 
was occasionally encountered in reproducing these values because of the 
two-component nature of the system. 

In the fifth column the activity is expressed in terms of the Qurea valut 
of Krebs to facilitate comparison of liver acetone powder extracts with 
homogenates under the conditions of Cohen and Hayano (2) and with 
slices under the original conditions of Krebs and Henseleit (1); 7.¢., omb 
thine, NHs, and lactate. The latter comparison is perhaps justified, sint 
Gornall and Hunter (21) have shown that the conversion of citrulline # 
arginine is the rate-limiting step of the ornithine cycle. 

Arginine Synthesis in Homogenates and Slices—On comparing the totd 
activity of acetone powder extract of rat liver (calculated from the specifi 
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activity) to that of the tissue homogenate or slice, it appears that about 
50 per cent of the original activity can immediately be accounted for. 
If allowance is made for some destruction by acetone treatment and for 
the fact that a single extraction might not be exhaustive, the result indi- 
cates that a large amount of the arginine-synthesizing activity is to be 
found in the isolated system. Although a discrepancy appears to exist 
between homogenates and the isolated system with respect to the specificity 


TaBLeE III 
Specific Activity of Various Liver Preparations 

















Species Preparation Conditions lendeite “. 
Rat | Slice NI, lactate* | 18 
a" Homogenate Glutamatet | 14 
“ ” Aspartate, pyruvatet 16 
“ | Acetone powder extract “ ~ph 0.84 | 18.8 
ne ? "a ey ms ‘* + muscle extract | 0.90 | 20.2 
Ox | _ a 3 Ma . 0.33 | 7.4 
ag SP A - a = “+ muscle extract | 0.50 | 11.2 
“ JEthOH Fraction 3 ” - 0.35 | 7.8 
ae es “ 3 " ‘* + muscle extraet | 0.89 | 20.0 
| . ~ 4 “ "9 | 0.80 | 17.9 
a) ie S 4 | a ‘* + muscle extract | 1.50 | 33.6 








* Qurea (microliters per mg. of protein per hour) recalculated from the data of 
Krebs and Henseleit, assuming 85 per cent of the dry weight to be protein. 

+ Calculated from the rate of arginine synthesis per mg. of N given by Cohen 
and Hayano. 


t Calculated from the data given in Table I of Paper II, assuming 85 per cent 
of the dry weight to be protein. 


of the —NH: donor, the data in Table III leave little doubt that the same 
enzyme system is involved, regardless of the substrates offered or of 
other variations in the experimental conditions. The fact that in extracts 
aspartic acid can be replaced, through transamination, by the combina- 
tion of glutamate and oxalacetate suggests that in homogenates glutamic 
acid functions in arginine synthesis indirectly, by transfer of the —NH, 
group to oxalacetate, rather than by an interaction with citrulline cata- 
lyzed by a second arginine-synthesizing system exhibiting glutamate 
specificity. Additional evidence for this and for the apparently poor 
activity of aspartic acid in liver homogenates will be discussed in Paper 
Il. 

In both liver slices and homogenates, urea synthesis has been reported 
to be completely dependent upon a supply of oxygen. In Step II of the 
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ornithine cycle, any direct oxidation-reduction mechanism has been ex- 
cluded, but the participation of ~ph has been shown to be essential for 
arginine synthesis. The oxygen dependence in respiring preparations 
must then be associated with the generation of ATP by oxidation of respira- 
tory substrates. In slices, added lactate, and in homogenates some of 
the glutamic acid serves in this capacity. The coupling of phosphoryla- 
tion with the oxidative steps of the tricarboxylic cycle has been observed 
repeatedly in tissue preparations (22). 


EXPERIMENTAL 


Methods—The enzymatic reaction was carried out in small test-tubes 
kept at 0° prior to incubation. All additions were made with chilled 
solutions of substrates, previously adjusted to pH 7.5 with dilute KOH; 
the cold enzyme solution was added last. The tubes were then transferred 
to a water bath at 38° for the stated time interval, allowing 2 minutes for 
temperature equilibration, and the reaction was stopped with 2 ml. of 
15 per cent metaphosphoric acid per 4 ml. of reaction mixture. Water 
was then added to a volume of 10 ml., the mixture filtered, and 0.5 ml. 
aliquots of the filtrate used for the estimation of urea by the method of 
Archibald (14) modified slightly. When more precise temperature con- 
trol was necessary, all the additions except ATP were made at 0°. The 
tubes were then set in the water bath and the ATP added after tempera- 
ture equilibration. This procedure gave slightly lower values. The 
complete system, as used routinely for measurements of enzyme activity, 
contained, in addition to the enzyme in 0.05 m potassium phosphate buffer 
at pH 7.5, 0.25 m potassium phosphate buffer, 0.4 ml.; 0.1 m L-aspartate, 
0.2 ml.; 0.1 m t-citrulline, 0.2 ml.; 0.033 m MgSQ,, 0.4 ml.; 0.05 m ATP, 
0.08 ml.; 0.1 m 3-phosphoglyceric acid, 0.5 ml.; when indicated, 8.8 mg. 
of muscle fraction in water; and water to make a final volume of 4 nl. 
To conserve materials, reactions were frequently carried out on half 
the scale and the analytical data doubled to corresponding full scale values. 
The amount of arginine formed was calculated from the urea estimation, 
since arginase was always present in excess. 

When malic acid was also estimated, 0.25 m glycylglycine buffer replaced 
phosphate. The reaction was stopped by heating the tubes in a boiling 
water bath for 10 minutes after bringing the mixture to pH 6.0 with 0.02 
to 0.04 ml. of 1 N sulfuric acid, the tubes were cooled to room temperature, 
water was added to a volume of 10 ml., and the mixture filtered. Malate 
was estimated spectrophotometrically in suitable aliquots of the filtrate 
by means of the “malic” enzyme of pigeon liver, as described by Ochoa, 
Mehler, and Kornberg (15). 

Transaminase activity was estimated by the method of Green, Leloir, 
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and Nocito (16) and is expressed in their units, one unit being that amount 
of enzyme which forms oxalacetic acid equivalent to 100 ul. of CO, in 10 
minutes at 38° under given conditions. 

Protein was estimated spectrophotometrically at 280 mu, corrected for 
nucleic acid impurities according to Warburg and Christian (12). 

Preparation and Fractionation of Enzyme System—Acetone powder was 
prepared in a cold room at 2° from fresh ox liver chilled at the slaughter- 
house. Small trimmed pieces amounting to 115 gm. were ground for 30 
seconds in the Waring blendor with about 200 ml. of acetone, previously 
chilled to —5°. The contents were rapidly transferred to a beaker with 
more acetone at —5° (10 volumes in all), stirred rapidly for 10 to 15 seconds, 
and filtered by suction on a large Biichner funnel. Rapid stirring with 10 
volumes of acetone was repeated and the mixture was again filtered rapidly 
with suction. The tightly packed cake was rapidly spread out at room tem- 
perature with constant mixing to facilitate rapid drying. The activity of 
the dry powder stored at 2° slowly falls, decreasing to about half the value in 
5 to 6 weeks. 

The powder was extracted with 5 volumes of 0.1 M potassium phosphate 
buffer, pH 7.5, with mechanical stirring at room temperature for 20 min- 
utes, centrifuged cold at 15,000 r.p.m., and the supernatant dialyzed at 2° 
against 0.05 m buffer overnight to insure zero blanks. These crude extracts 
contain approximately 75 mg. of protein per ml. after dialysis and, when 
stored at 2°, maintain activity for about 2 days but fall off rapidly there- 
after. 

Acetone powders of rat liver were made in a similar manner and may be 
stored for several weeks in the cold without loss of activity, but the extracts 
were found to be much more unstable than ox preparations. The extrac- 
tion with 5 volumes of buffer was therefore carried out at 0° as well as cen- 
trifugation, and cold dialysis was limited to a 3 hour period. With these 
precautions the activity falls off to about 50 per cent in 24 hours and is al- 
most completely gone 2 days after extraction. 

In a typical alcohol fractionation, 315 ml. of buffered extract prepared 
from 100 gm. of beef liver acetone powder were chilled to 0°, transferred to 
a bath kept at —5°, and absolute ethyl alcohol, kept at —50°, added very 
slowly with mechanical stirring. The temperature of the mixture was not 
allowed to rise above 0° at the beginning of the addition and thereafter was 
allowed to drop slowly to —5° by the time the first alcohol addition was 
completed. The mixture was centrifuged at —5° for 1 hour at 3000 r.p.m. 
and the supernatant rapidly decanted into a beaker immersed in a —10° 
bath. The tubes containing the precipitate were immediately packed in 
cracked ice, and the precipitates taken up in a total of 10 to 20 ml. of 0.1 m 
buffer and dialyzed in 0.05 m buffer overnight to remove traces of alcohol. 
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Subsequent additions of alcohol to the supernatant were made in a simi- 
lar manner, except that the temperature of the extract was maintained 
at —10° for both the alcohol addition and centrifugation. Four fractions 
were thus obtained by stepwise additions of 45, 25, 35, and 30 ml. of alcohol, 
corresponding to 12.5, 18.2, 25, and 30 per cent alcohol for each fraction, 
The alcohol concentration was calculated without correcting for the 
volume of the precipitate removed. The specific activity was 0.0, 0.40, 
0.89, and 1.50, respectively. The total activity represented a 72 per cent 
recovery. 

Isolation and Identification of l-Malic Acid—A large enzymatic run, on 
25 times the scale described above, was carried out at 38° with an excess 
of alcohol-fractionated enzyme containing 1505 units (1.81 gm., specific 
activity 0.83, without added muscle extract). After 60 minutes, 26.4 mg, 
of urea (440 um) were found, corresponding to 59 mg. of malic acid and 572 
mg. of ornithine. The reaction mixture was acidified to pH 6.0 with 35 
ml. of 1 N sulfuric acid, deproteinized by heating in a bath at 100°, the fil- 
trate brought to pH 1.0 with 6 ml. of 6 N sulfuric acid, and extracted with 
ether in a continuous extractor for 72 hours. The ether layer was then 
taken to dryness, dissolved in water, filtered, and brought to a volume of 
10 ml. Enzymatic analysis indicated that 38.6 mg. (65 per cent of theory) 
were recovered. After evaporating the solution to dryness, the malic acid 
was then converted to the cinchonine salt by refluxing in 5 ml. of acetone 
with 74 mg. of d-cinchonine for 30 minutes. After standing at 0° overnight, 
78 mg. of crude salt were obtained. On three recrystallizations from 
methyl alcohol-acetone, and one from water-acetone, the melting point was 
191-192° uncorrected. The mixed melting point, with an authentic sample 
of melting point 192°, was 191-192° uncorrected; the reported melting 
point was 198° (23). The optical rotation of the cinchonine salt was 


fal,” = +146° (0.515% in water; | = 2.0) 


The optical rotation of the uranium salt was determined under the 
general conditions of Dakin (23) adapted to small scale as follows: 2.5 ml. 
of the solution of cinchonine /-malate were quantitatively decomposed by 
the addition of 0.5 ml. of 0.14 N ammonia and filtered. To 2.0 ml. of the 
filtrate was added 0.5 ml. of 2.5 per cent uranium acetate, slightly acidified 
with acetic acid, and the solution was allowed to stand for 1 hour at room 
temperature. 


[a]? = — 481° (0.1076%; 2 = 2.0) 


The optical rotations reported by Dakin (23) were 


{a}; = +146° for cinchonine l-malate 


[«]> = —482° for the uranium salt of [-malic acid 
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Isolation and Identification of Ornithine—The aqueous layer (about 125 
ml.) obtained after ether extraction was brought to pH 9 with a few ml. of 
50 per cent NaOH, and benzoylated in the usual manner with 0.35 ml. of 
benzoyl chloride and 6 ml. of 1n NaOH. The mixture was filtered at pH 
7, acidified, and kept at 0° overnight. The crude crystalline dibenzoyl- 
ornithine, obtained after filtering off the crystals and washing thoroughly 
with ether, weighed 133 mg. (88 per cent yield). On three recrystalliza- 
tions from ethyl alcohol-acetone mixture, the compound melted at 186° 
uncorrected. [a]?! = +9.3° (3.60 per cent in 1 N NaOH) nitrogen (Kjel- 
dahl); found 8.2 per cent, calculated 8.2 per cent. 

Chemical Preparations—p-3-Phosphoglyceric acid was prepared by the 
method of Neuberg and Lustig (24). Fleischmann’s commercial bakers’ 
yeast,‘ dried in the laboratory, gave good yields with glucose and added 
DPN. ATP® was prepared according to Lohman (25). t-Citrulline was 
prepared by a combination of the methods of Kurtz (26) and Gornall and 
Hunter (27), starting with a commercial preparation of L-arginine. We 
are indebted to Dr. H. B. Dunn for pt-citrulline, and to Dr. H. Waelsch 
for DL-a-aminoadipic acid and pL-a-aminopimelic acid. The other amino 
acids were commercial preparations of acceptable purity. Oxalacetie acid 
was prepared according to Krampitz and Werkman (28), as modified by 
F. Lipmann (personal communication). 

Other Enzyme Preparations—Partially purified arginase was prepared 
from a Mn*+-activated extract of beef liver by acetone fractionation accord- 
ing to Van Slyke and Archibald (29). The arginase activity of the prep- 
aration was 34 units per mg. of protein when the unit and assay conditions 
of Van Slyke and Archibald (30) were employed, 1 unit being that amount 
which liberates 1 um of arginine in 1 minute under given conditions. 

The extract of rabbit muscle was prepared according to Racker (31). 
The fraction precipitating between 50 and 72 per cent ammonium sulfate 
saturation was dialyzed for 2 hours against running tap water and over- 
night against 0.02 m potassium phosphate buffer, pH 7.5, and then lyo- 
philized. Stored at 2°, the dry powder retains activity for several months. 
Under the experimental conditions described, 8.8 mg. for each tube sup- 
plied an excess of the required activity. We are indebted to Dr. E. Racker 
for a gift of this fraction. 


SUMMARY 


1, An enzyme system catalyzing the conversion of citrulline to arginine 
has been isolated from mammalian liver and partially purified. 


‘ We are indebted to Mr. R. F. Light, the Fleischmann Laboratories, of Standard 
Brands, Incorporated, for a large gift of yeast. 

‘The ATP employed was 80 to 85 per cent pure. The amounts employed are 
given on a 100 per cent basis. 

*Van Slyke, D. D., and Archibald, R. M., personal communication. 
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2. Evidence is presented to show that in the reaction L-citrulline and 
L-aspartic acid undergo an exchange to form L-arginine and /-malic acid 
through an intermediary condensation which utilizes ATP and Mg, and 
is presumably endergonic. 

3. Two separate enzymes are involved in the over-all reaction, one 
catalyzing the formation of an intermediary condensation product and 
the second its hydrolysis. 

4. Some general enzymatic properties of the system are described. 

5. The mechanism is believed to represent the main physiological path- 
way of arginine synthesis and urea formation. 





| 


We are indebted to Mr. Morton C. Schneider for technical assistance. 
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BIOSYNTHESIS OF UREA 


II. ARGININE SYNTHESIS FROM CITRULLINE IN LIVER HOMOG- 
ENATES* 


By 8S. RATNER anp ANNE PAPPAS 


(From the Department of Pharmacology, New York University College of 
Medicine, New York) 


(Received for publication, February 4, 1949) 


A preceding paper described the characteristics of the isolated enzyme 
system, prepared from ox liver acetone powder, which catalyzes the con- 
version of citrulline and aspartic acid to arginine and malic acid. It 
was shown that the fundamental requirements for arginine synthesis from 
citrulline are aspartic acid, Mg**, and adenosine triphosphate (ATP), the 
latter as a reactant in substrate concentrations (1). At the optimum en- 
zymatic conditions established, a large proportion of the arginine-synthesiz- 
ing activity of the tissue was found in the acetone powder extract. 

Aspartic acid was shown to be the specific —-NH, donor. Glutamic 
acid was unreactive but the combination of glutamic and oxalacetic acids 
could replace aspartic acid in proportion to the glutamic-aspartic trans- 
aminase activity of the enzyme preparation. The relative activity of 
these two amino acids is reversed in liver homogenates. Cohen and 
Hayano (2), corroborated by Krebs and Eggleston (3), have found that 
glutamic acid is about 4 times as effective as aspartic acid. Since these 
observations raise the question as to whether the enzyme system studied 
by us is the same as the one concerned with arginine synthesis in homogen- 
ates and slices, studies of liver homogenates bearing on this point were car- 
ried out. The experimental observations presented here show that the 
same enzymatic system is involved in all cases. It has been possible to 
explain conflicting observations by a uniform mechanism and to indicate 
the physiological pathway of amino nitrogen from amino acids to urea. 

In order to relate the behavior of liver homogenates in oxygen to the 
behavior and requirements of the isolated system, certain general proper- 
ties of homogenates, affecting arginine synthesis, should be mentioned. 
The adenosinetriphosphatase (ATPase) activity is much greater than that 
of acetone powder extracts; hence rapid generation of ~ph is necessary. 
In addition to the enzyme system catalyzing the citrulline to arginine re- 


* Aided by grants from the Williams-Waterman Fund of the Research Corpora- 
tion, the American Cancer Society (recommended by the Committee on Growth 


of the National Research Council), the Office of Naval Research, and the United 
States Public Health Service. 
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action, homogenates contain appreciable concentrations of several enzymes 
associated with glutamic acid metabolism; glutamic-aspartic transaminase, 
glutamic-alanine transaminase, and glutamic dehydrogenase. Associated 
with homogenate particles are all the respiratory enzymes and cofactors 
which, except for the additional requirement of adenylic acid or ATP and 
Mgt, catalyze the coupled oxidative phosphorylation of respiratory sub- 
strates via the tricarboxylic cycle. The particles also contain the various 
factors involved in the transport of hydrogen to oxygen through pyridine 
nucleotides and the cytochrome system. Pyridine nucleotides and cyto- 
chrome need not be added, but if the latter becomes limiting, the whole 
tricarboxylic cycle shows cytochrome dependence. ‘These are complexi- 
ties contributed by the use of homogenates and are not necessarily in- 
herent in the mechanism of arginine synthesis. Oxalacetic acid can be 
supplied by a rapidly respiring homogenate, since it lies in the pathway of 
the tricarboxylic cycle. 

Generation of High Energy Phosphate—Under the conditions of Cohen 
and Hayano (2), ATP is supplied only in catalytic amounts, and no respira- 
tory substrate other than the —-NHe: donor is added. It may be antici- 
pated then that the ATP requirement must be met by oxidative 
phosphorylation and that the activity of the —-NH: donor being tested 
would be limited by its capacity to act as a respiratory substrate. That 
such is actually the case may be shown by estimating the oxygen consump- 
tion of rat liver homogenates during arginine synthesis. L-Aspartic acid 
is very poorly, or not at all, oxidized by homogenates. As seen in Table 
I, in the presence of citrulline and aspartic acid, under aerobic conditions, 
the average arginine formation was 3.5 wm and the average oxygen con- 
sumption was 14.9 uM, a value approximately the same as the endogenous 
respiration of homogenates alone. The results were quite variable within 
these low limits and undoubtedly reflect the concentration of endogenous 
respiratory substrates at the time the tissue was obtained. With glu- 
tamic acid in place of aspartic acid, an average of 9.6 um of arginine was 
formed and the oxygen consumption averaged 30.5 uM. 

However, when a respiratory substrate such as pyruvic acid was added 
to aspartic acid, arginine was increased to 12.8 um and the average oxygen 
uptake amounted to 29.4 um. Similar accelerating effects on both arginine 
formation and oxygen uptake were observed when either phosphoglycer- 
ate, fumarate, oxalacetate, or a-ketoglutarate was added to aspartate 
(Table I). In homogenates under aerobic conditions, phosphoglycerate 
apparently behaved primarily as a source of pyruvate. This may be in- 
ferred from the fact that the average oxygen consumption was increased 
almost as much by the addition of phosphoglycerate as by that of pyru- 
vate. The contribution of ~ph from phosphopyruvate was probably 
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minor significance as compared to the amount generated by pyruvate oxida- 
tion. The acceleration of arginine formation from aspartic acid and citrul- 
line by addition of the various substrates shown in Table I demonstrates 
that when aspartic acid is supplemented with a source of ATP, supplied 
by oxidative phosphorylation, arginine synthesis increases with the rate 


TaBLe I 


Synthesis of Arginine from Citrulline in Rat Liver Homogenates under Aerobic 
Conditions in Absence and Presence of Malonate 


In addition each vessel contained 20 um of L-citrulline, 5 um of ATP, 10 um of 
MgSQ,, 0.3 ml. of 0.25 m potassium phosphate, pH 7.5, and 0.5 ml. of 25 per cent 
homogenate. Final volume 3.0 ml.; 38°; time 40 minutes. The values are given 
in micromoles. 





















































| With t-aspartate With t-glutamate 
Substrate added, 20 aa Arginine | Os uptake Arginine | Os uptake 
Aver- . Aver- Aver- Aver- 
pies AD. rhs AD. = AD. on AD. 
Te 3.5 | 0.8 | 14.9} 40.2] 9.6 | 41.1 | 30.5 | 42.7 
OS ORE 12.8 | 40.7 | 29.4 | 41.2} 6.0 | +1.0/ 30.5 | +1.8 
3-Phosphoglycerate...... 12.9 | +0.9 | 28.9 | +1.2| 6.2 | 41.1 | 22.1 | 45.5 
Oxalacetate..............| 14.4 | 40.4 | 30.1 | +1.9 | 10.9 | 41.2 | 28.8 | +5.0 
WeatOiis 25. Se. 13.4 | 41.0 | 27.4 | +1.6 | 12.5 | 40.8 | 30.8 | 42.4 
a-Ketoglutarate.......... 11.1 | +0.4 | 23.7 | 43.9) 4.4 | 40.7 | 23.1 | 43.1 
With 60 um malonate per vessel 
ee 3.3 | 1.0 | 10.8 | +2.0| 2.6 | 40.0 / 18.9 | +0.6 
Ee ee ee 11.4 | 40.2 | 19.9 | 41.3} 2.6 | 40.4 19.1 | 41.4 
3-Phosphoglycerate...... 11.8 | +1.3 | 21.5 | 42.3) 2.3 | 40.3 | 17.7 | 42.0 
Oxalacetate............. 13.3 | 40.4 | 24.1 | 41.9 | 13.3 | 40.3 | 27.4 | +2.6 
Fumarate...............| 18.3 | 40.5 | 25.4 | 41.6 | 12.8 | 41.0 | 28.1 | 43.7 
a-Ketoglutarate......... 11.8 | +0.1 | 19.8 | +2.7 | 1.5 +0.1 | 13.8 | +1.9 








* Average deviation. 
¢ 2.5 um of fumaric acid were added as a primer. Good respiration was often 
obtained without it, but the addition insured uniformly high values. Fumarate 


was not added to pyruvate when glutamate was employed; nor was it added in any 
malonate experiment. 


of ~ph generation. This behavior is entirely consistent with the require- 
ments outlined above and any member of the tricarboxylic cycle would be 
expected to have this accelerating action on arginine synthesis when as- 
partic acid is employed. 

Multiple Function of Glutamic Acid—When the same substrates were 
added to glutamic acid, different effects were observed, as shown in Table 
I. The addition of either pyruvate or phosphoglycerate caused a 40 per 
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cent inhibition of arginine synthesis and a variable decrease in oxygen 
consumption. The addition of oxalacetate or of fumarate caused a slight 
increase in arginine synthesis without appreciably affecting the average 


oxygen consumption, while the addition of a-ketoglutarate caused a de. | 


crease in both arginine formation and oxygen uptake. 


The high activity of glutamic dehydrogenase in liver homogenate — 


accounts for the fact that glutamic acid is as good a respiratory substrate 
as a-ketoglutaric acid (4). Furthermore only a fraction of the glutamic 
acid present need be oxidized to furnish a large supply of ATP, for, as 
shown by Ochoa, the oxidation of a-ketoglutarate to succinate generates 


three ~ph bonds (5) and further oxidation to fumarate generates one guch | 
bond, while the further complete oxidation of pyruvate is associated with | 
the generation of fifteen ~ph bonds (6). The dependence of a-ketoglutar. | 
ate oxidation upon cocarboxylase (5-7) is therefore related to the decreased | 


arginine synthesis observed in livers of vitamin B;-deficient rats (8) by 
von Fahrlander, Nielsen, and Leuthardt. 

If the point of view is taken that glutamic acid is active in so far asit 
can be converted to aspartic acid, once the ~ph requirement is satisfied, 
then the acceleration of arginine synthesis by addition of oxalacetate to 
glutamate! may be explained as being primarily due to the appearance of 
extra aspartic acid formed by transamination with glutamic acid. Fums- 
rate, being an immediate precursor of oxalacetate, had the same effect. 
Malate would be expected to act similarly. In the absence of added oxal- 
acetate, aspartate can arise from glutamate by transamination with the 
oxalacetate formed during oxidation of glutamate via a-ketoglutarate and 
the Krebs tricarboxylic cycle. Oxalacetate will also be formed by a one 
step oxidation of the malic acid appearing as the second product in arginine 
synthesis. 

Although ‘he synthesis of aspartic acid has not been shown directly 
homogenates when glutamic acid is the substrate offered, much indirect 
evidence indicates that such must the case. No satisfactory explanation 
has yet been offered of the inhibition, reported from other laboratories, d 
arginine synthesis by pyruvate (2, 8, 9), by a-ketoglutarate (3, 8, 9), and 
malonate (2, 3, 10) when glutamate is the —NH, donor. These inhibi 
tions may all be explained as being due to an interference either with the 
formation of or with the further reaction of aspartic acid. 

Inhibition by a-Ketoglutarate—Cohen has reported the various trans 
aminase activities of rat liver. From his data (11) and from what is now 
known of the relative activities of glutamic-aspartic transaminase and d 


1 When the rate of arginine synthesis is decreased by reducing the ATP concer 
tration, a 30 to 40 per cent stimulation by oxalacetate can be demonstrated. 
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glutamic-alanine transaminase (12, 13), the rates of the three transamina- 
tion reactions listed in descending order of activity are glutamate-oxalace- 
tate, glutamate-pyruvate, and aspartate-pyruvate, the first being by far 
the most rapid and the third rather slow, since it is the combined result of 
the first two reactions (12, 14). 

Inhibition of arginine synthesis by a-ketoglutaric acid when glutamate 
is the source of —-NH; varies from about 40 to 60 per cent, depending on 
the amount of keto acid added (3, 9, 15). As shown in Table I, with 20 
um each of a-ketoglutarate and glutamate, a 54 per cent inhibition was 
found. This inhibition may be attributed to reversal of the transamina- 
tion between glutamate and oxalacetate; 7.e., glutamate + oxalacetate > 
a-ketoglutarate + aspartate. Such inhibition would not be expected if 
glutamic acid were the specific —NH, donor. The inhibition by a-keto- 
glutarate would furthermore tend to be maintained by slow oxidative re- 
moval from a reaction mixture already containing enough keto acid (de- 
rived from the glutamic acid) to saturate the tricarboxylic cycle. 

On the other hand, with 20 um each of a-ketoglutarate and aspartate, a 
stimulation of arginine synthesis was observed almost as great as that pro- 
duced by the addition of other respiratory substrates. Here the aspartate 
concentration is initially in excess as far as enzyme saturation is concerned. 
The addition of an equal amount of a-ketoglutarate might at most reduce 
the aspartate to 15 um by transamination, but even at this level the rate 
of arginine synthesis would be expected to be quite rapid providing ATP 
were being supplied, as it is in this case, by a-ketoglutarate oxidation. 
Under these conditions the stimulation caused by supplying ATP is the 
main effect observed. 

Von Fahrlainder, Nielsen, and Leuthardt (8) have shown that the a-keto- 
glutarate inhibition can be overcome by added NH;. The observation is 
consistent with the explanation given above, for the addition of NH; to 
a-ketoglutaric acid would remove some a-ketoglutaric acid by reductive 
amination to glutamic acid. 

Inhibition by Pyruvic Acid—As shown in Table I, pyruvate stimulates 
arginine formation when aspartate is the source of —NHg, but causes a 40 
per cent inhibition when glutamate is the —NH, donor. This inhibition 
can also be explained as an effect on the formation of aspartic acid caused 
by the removal of some glutamic acid from the reaction mixture by trans- 
amination, even though glutamic-pyruvic transamination is relatively slow 
inliver. The appearance of a-ketoglutaric acid, formed by the transamina- 
tion of glutamate with pyruvic acid, would augment the inhibition, as ex- 
plained in the preceding section. 

As with a-ketoglutarate, the pyruvate inhibition is also relieved by 








— 
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added NH; (8), an effect which may be explained in the same way. The of 
similar results obtained with phosphoglyceric acid (Table I) are in accord u) 
with the rapid conversion of the latter to pyruvic acid. : 

Krebs and Eggleston (3) reported an acceleration of the synthesis of | ore 





arginine by citrate and succinate when aspartate is the source of —NH, | Ox 
This is understandable in so far as oxidation of these substrates through | th 
the tricarboxylic cycle generates the necessary ~ph. Inhibition by cit. arg 
rate when glutamate is the source of —NH, (3) may be explained by oxida. Be 
tion of citrate to a-ketoglutarate. The inhibition by succinate (3) ob | lar 
served under these conditions, however, is not easy to understand unless it | Me 
is assumed that succinate interferes with the oxidation of a-ketoglutarate / 
derived from glutamate. 

Inhibition by Malonic Acid—The inhibition by malonate of arginine 
formation when glutamate is the source of —-NH: has been reported by 
Cohen and Hayano (2) and confirmed in the laboratories of Leuthardt &i 

2 


(10) and of Krebs (8). The latter two groups have also shown that fu- dip! 
marate overcomes the inhibition. A comparison of the data obtained with. resp 
out malonate with corresponding values obtained in the presence of malo. 7 
nate (Table I) again confirms these observations. ‘This comparison shows 
further that the inhibition is not exerted on arginine synthesis pe L-A 
se. When aspartate was added to homogenates under optimum cond: 
tions, 7.e. in the presence of a source of ATP, no malonate effect was ob- 
served. A satisfactory explanation of all these observations can be offered 
in terms of the specificity for aspartic acid in the conversion of citrulline to 
arginine and of the well known inhibition of succinic dehydrogenase by 
malonate (16). When oxidation of a-ketoglutarate is blocked at the sue- 
cinate stage, oxalacetate will not be available for the synthesis of aspartic 
acid. 

The main inhibitory effect on glutamate is clearly not associated with t 
interference of ATP generation, for the addition of malonate to aspartate ee 
plus pyruvate only decreased arginine formation from an average of 128 an 
uM to an average of 11.4, while lowering the oxygen uptake from an aver- pron 
age of 29.4 um to an average of 19.9. In the absence of malonate, respir add; 
tion and ATP generation were presumably excessive, so that the appre A 
ciable reduction of oxygen consumption caused by malonate resulted only of th 
in a small decrease in arginine synthesis. Similarly with aspartic acid a pg 
the source of —NHb, in the presence of either phosphoglycerate, oxalace ane 
tate, fumarate, or a-ketoglutarate, malonate caused but a small reductiol in 
of arginine synthesis along with an appreciable reduction in oxygen col at 
sumption. The oxidation of these substrates is of course curtailed at the 
succinate stage. The oxidation step, a-ketoglutarate to succinate, as mel *T 
tioned above, yields three ~ph bonds per atom of oxygen. The high ratio { of DI 
explains why an adequate supply of ATP can be maintained in the presente | “** ' 
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of malonate. A high final concentration of malonate was employed (0.02 
m) in order to assure a maximum inhibition of succinate oxidation. 

In contrast to the results with aspartate, malonate caused a large de- 
crease in arginine synthesis when glutamate was the source of —NH2. 
Oxygen consumption was appreciably reduced, as with aspartate. Thus, 
the oxygen fell from an average of 30.5 um to 18.9, while the synthesis of 
arginine decreased from an average of 9.6 to 2.6 um. As shown in Table 
I, oxalacetate overcomes the malonate inhibition. Fumarate had a simi- 
lar effect, obviously due to its conversion to oxalacetate by oxidation. 
Malate would be expected to have the same effect. Pyruvate, phosphoglye- 


TABLE II 


Synthesis of Arginine from Citrulline in Rat Liver Homogenates 
under Anaerobic Conditions 


Further additions and other conditions are as in Table I, except that N, replaced 
O; in the gas space and 4 mg. of DPN were added to each vessel containing hexose 
diphosphate. The dry weight of 0.5 ml. of homogenate and 0.4 ml. of supernatant 
respectively was 34.7 mg. and 17.1 mg. The values are given in micromoles. 








Substrate added Arginine found 
| 
t-Aspartate, | L-Glutamate, | Oxalacetate, | 3-Phospho- ,_Hexose | Whole homo- 
20 uM | 20 uM 30 pM — = genate | Supernatant 

j Pat oe: | ian enk | 

a + 3.9 7.7 
| 

= 2 a 5.7 8.0 

ao 0.6 ia 

+ | + } 0.1 0.0 

. _ 0.5 0.4 

+ | + + | | 4.6 6.8 
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erate, and a-ketoglutarate, which in the presence of malonate continued 
to produce a stimulation of arginine synthesis, with aspartate as the source 
of —NHbp, had no effect in overcoming malonate inhibition of glutamate, 
since they cannot supply oxalacetate in the presence of malonate and in 
addition are inhibitory by themselves. 

Anaerobic Synthesis of Arginine in Homogenates—Once the requirements 
of the system are known, it becomes possible to obtain arginine formation 
in homogenates under anaerobic conditions by utilizing glycolytic reac- 
tions to generate ~ph. Table II shows the amount of arginine formed 
in & representative experiment, in the presence of citrulline, aspartic acid, 
and phosphoglyceric acid or hexose diphosphate.2 None was formed in 


*DPN was included with hexose diphosphate, since the anaerobic inactivation 
of DPN is very rapid. A dismutation between pyruvic acid and triose phosphate 
was undoubtedly responsible for the availability of ~ph. 
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the absence of a supply of ~ph. The addition of phosphoglycerie acid 
or hexose diphosphate caused no arginine formation when glutamic acid 
was substituted for aspartic acid, unless oxalacetic acid was also added, 


These results are similar to those obtained with acetone powder extracts, | 
No further efforts were made to increase the rate of synthesis by improved 


conditions. 
The rates of arginine synthesis, anaerobically, were much lower, hoy. 
ever, than those obtained with an equal amount of homogenate under aero. 





bic conditions. Owing to the fact that the efficiency of anaerobic pho | 


phorylation is lower than that of aerobic phosphorylation, competition 
with ATPase is less successful anaerobically. A considerable portion of 


the ATPase present is associated with the suspended particles of tissue | 


homogenates and can be removed by high speed centrifugation. The last 


column of Table II gives the amounts of arginine synthesized by an equiva | 
lent amount of supernatant after removing the particles. Arginine, when | 


formed, was found to be higher than in the whole homogenate in each 
case. 

As a result of aerobic experiments with glutamic acid in which the super. 
natant and centrifuged particles of homogenates were studied separately, 
Cohen and Hayano (17) came to the conclusion that both the particles and 
the supernatant were essential for arginine synthesis. From the anaerobic 
data of Table II, it may be seen that both the arginine-synthesizing system 
and transaminase are present in the supernatant. It is clear from the fore 
going discussion that the particles were required for the generation o 
ATP and of oxalacetic acid. 

Since the behavior of liver homogenates, under a variety of experimen- 
tal conditions, is in accord with predictions based upon the mechanism and 
requirements of the isolated system, there appears to be no need for con- 
sidering that more than one enzyme system is concerned with the conver 
sion of citrulline to arginine in mammalian liver. The evidence indicate 
that in homogenates glutamic acid must function as a nitrogen carrier, 3 
ATP generator, and as a source of oxalacetic acid. 


Physiological Pathway of Amino Nitrogen Transfer 


The individual steps in the transfer of nitrogen from amino acids t 
form urea and their relationship to the tricarboxylic cycle are summarized 
in Fig. 1. In homogenates, when glutamic acid is the substrate offered, 
the transfer would start at Step B (transaminase) as soon as an adequate 
concentration of oxalacetic acid accumulates. In slices, when NH, and 
lactate are the substrates offered, nitrogen transfer to citrulline would start 
at Step A (glutamic dehydrogenase) with a-ketoglutaric acid made avail 
able from endogenous sources or from lactic acid oxidation. Hydroget 
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transport for Step A might come from malate oxidation or from other dis- 
mutations. The transfer of nitrogen to ornithine (Step E) is provisionally 
shown as occurring through NH;. This step has been studied by Cohen 
and his collaborators. According to their most recent report (18) car- 
bamylglutamic acid will replace the CO, but not the NH; requirement in 
citrulline formation from ornithine. In the intact animal NH, arising 


PYRUVATE + co, + 2H 
i { 


FUMARATE == MALATE @= 
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ae Cy ® 
mi CC- KE TOGLUTARATE ~ ATP ~ — OXALACETATE 
4 ai? 
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OXALOSUCCINATE ACETYL 
CITRATE 
+NH, 1® CIS-ACONITATE 
+2H ISOCITRATE 
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GLUTAMATE ho OXALACETATE 
es ~- KETOGLUTARATE + ASPARTATE 
_ (+ATP 
? INTERMEDIATE © 
NH, ARGININE + MALATE = 
CARBAMYL UREA 
GLUTAMATE 


(+ATP) ORNITHINE 


Fie. 1. Pathway of amino nitrogen transfer to citrulline in urea synthesis and 
the relationships of the ornithine cycle to the tricarboxylic cycle. 


from oxidative deamination of amino acids (19-21), would enter, as with 
slices, at Steps A and E. The scheme represents an expansion of the or- 
nithine cycle originally proposed by Krebs and Henseleit (22). 

The interrelationships with the tricarboxylic cycle occur through several 
additional connecting cycles. The transfer of NH; to oxalacetic acid, 
through Steps A and B, is a cyclic process in which a-ketoglutaric acid, 
supplied from the tricarboxylic cycle, is utilized catalytically. Another 
cycle is created by the turnover of oxalacetic acid through Steps B, C (argi- 
nine synthesis), and D (malic dehydrogenase). At the same time phos- 
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phorylations, coupled with the tricarboxylic cycle, supply ATP for both 
citrulline and arginine synthesis. 

Transfer of Amino Nitrogen to Oxalacetic Acid—The assumption of ap 
obligatory incorporation of NH; in aspartic acid by transamination be 
tween glutamate and oxalacetate prior to urea formation (Steps A and B) 
appears to be justified for a number of reasons. Evidence is lacking fo 
the existence in mammalian tissues of an aspartase or of an aspartic dehy. 
drogenase analogous to glutamic dehydrogenase with respect to activity 
and reversibility. Also there is the observation that liver homogenate 
are incapable of oxidizing L-aspartic acid at an appreciable rate. In add- 
tion liver homogenates behave as though aspartic acid were an interme 
diate in arginine synthesis under a wide variety of conditions, as show 
above. It may be pointed out that investigations of intact animals with 
N-labeled amino acids and NH; show that aspartic acid as well as glutamic 
acid have the highest rate of turnover (20). Finally, Steps A, B, C, and 
D can be carried out anaerobically in crude extracts of ox liver acetone 
powder which contain these enzymes, through the coupling of several ox. 
idation-reductions with transamination. 

Amino Nitrogen Transfer Anaerobically—In the first dismutation, the 
following reactions occur: 


(1) Malic acid -+- DPNox. <> oxalacetic acid + DPNyrea. 
(2) NH, + a-ketoglutaric acid + DPNrea. < glutamic acid + DPNax. 


(3) Glutamic acid + oxalacetic acid <> a-ketoglutaric acid + aspartic acid 





(4) Malic acid + NH, < aspartic acid 





The dismutation, catalyzed by malic and glutamic dehydrogenases in th 
presence of transaminase (Reactions 1, 2, and 3), resulted in the forms 
tion of aspartic acid (Reaction 4) starting with malate, NH;, and a-keto 
glutarate in the presence of catalytic amounts of diphosphopyridine nucleo 
tide (DPN). Citrulline, ATP, Mgt*, and phosphoglyceric acid were als 
added, and the appearance of aspartic acid was measured by arginine syt- 
thesis, as shown in Fig. 2, Curve 1. Curve la represents blank value 
when either DPN, NHsz, or malic acid was omitted. 

In the second dismutation, triose phosphate dehydrogenase (Reaction § 
replaced malic dehydrogenase. 


(5)  Triose phosphate + H,PO. + DPNax. <> diphosphoglyceric acid + DPNwi, 
(2) NH; + a-ketoglutaric acid + DPNvea. <> glutamic acid + DPNox. 


(3) Glutamic acid + oxalacetic acid = a- -ketoglutaric acid > aspartic acid 





(6) Triose phosphate + H,PO, + NH; + oxalacetic acid ‘ — 


diphosphoglyceric acid + aspartic act | 
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Fig. 2. Transfer of NH: to citrulline through aspartic acid by anaerobic dismu- 
tation and transamination in acetone powder extracts of ox liver. Curve 1, malate, 
a-ketoglutarate dismutation; Curve la, the same as Curve 1 in the absence of either 
DPN, NHs, or malate; Curve 2, triose phosphate, a-ketoglutarate dismutation; 
Curve 2a, the same as Curve 2 in the absence of either DPN, NHsg, or oxalacetate; 
Curve 3, arginine formation with aspartate in the same amount of extract. All 
the tubes contained 4 um of ATP, 20 um of 1-citrulline, 13 um of MgSO,, 0.4 ml. of 
0.25 m potassium phosphate, pH 7.5, and 1.0 ml. acetone powder extract in a final 
volume of 4 ml.; temperature 38°. Further additions were Curve 1, 20 um each of 
NH.Cl and I-malate, 10 um of a-ketoglutarate, 50 um of p-3-phosphoglyceric acid, and 
2mg. of DPN. Curve 2, 20 um of NH,Cl, 10 um of a-ketoglutarate, 30 um of oxal- 
acetate, 25 um of hexose diphosphate, and 2 mg. of DPN. Curve 3, 20 um of L-as- 
partate, 50 um of 3-phosphoglycerate. 


Here aspartic acid, as measured by arginine synthesis, was formed (Reac- 
tion 6) when oxalacetic acid, NH;, hexose diphosphate,? DPN, a-ketoglu- 


*The extract contains aldolase. 
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taric acid, ATP, Mg**, and citrulline were added. This is shown in Curve 
2. The diphosphoglyceric acid formed supplied ~ph. Curve 2a repre- 
sents blank values when either DPN, NH, or oxalacetate was omitted. 
Curve 3 represents the rate of arginine synthesis in the same amount of ex- 
tract starting with aspartic acid, ATP, Mg**, and phosphoglyceric acid. 

One or more of the enzymes catalyzing Reactions 1, 2, 3, and 5 were 
probably present in limiting concentrations. Because of this and of the 
relatively high Michaelis constant of the arginine-synthesizing system 
with respect to aspartic acid (1.2 X 10-* m), the rate of arginine synthesis 
was lower in Curves 1 and 2 than in Curve 3. On the other hand, because 
of the rather large Michaelis constant, the rate of aspartic acid synthesis 
in Curves 1 and 2 was doubtless somewhat higher than that reflected by 
the arginine values. 


EXPERIMENTAL 


Procedures—F or the experiments with homogenates, the liver from young 
adult, well nourished rats was removed immediately after exsanguination, 
chilled 20 minutes in buffer, rapidly weighed, homogenized with 3 volumes 
of 0.1 M potassium phosphate buffer, pH 7.5, in a loose fitting Potter-Elve 
hjem homogenizer (23), and strained through two layers of cheese-cloth. 
All manipulations were carried out at 2°. Incubation was carried out at 
38° in conical Warburg vessels containing a KOH solution in the center wel. 
Prior to incubation the substrates (adjusted to pH 7.5) were added to the 
main compartment, the vessels immersed in an ice bath, and 0.5 ml. of 
the cold 25 per cent homogenate added last in a final volume of 3.0 ml. 
The vessels were gassed for 2} minutes with O.. The oxygen consumption 
was estimated for 40 minutes, following a 5 minute equilibration period. 
The amount of arginine synthesized corresponds to a slightly longer period. 
The reaction was stopped by adding 2 ml. of 15 per cent metaphosphorit 
acid. Urea estimations were carried out by the method of Archibald (24), 
with slight modification, and the values expressed as equivalent amounts 
of arginine. Arginase was present in excess. All values were corrected 
for the zero time urea content of the tissue and were then recalculated for 
a uniform dry weight of 31 mg.‘ They are so presented in Table I. Each 
value, representing the average of from three to five experiments, is givel 
with the average deviation. Estimations based on Kjeldahl nitrogen i- 
dicated that 85 per cent of the dry weight of the homogenate was proteil. 

The anaerobic experiments were carried out in a similar fashion, excep! 
that the vessels were gassed with Nz When the supernatant was to be 
used, the particles were separated by centrifuging for 30 minutes at 15,00 


‘This value was chosen, since it represents the average dry weight of all the er 
perimental samples, 
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n.p.M. at 0°. The sediment occupied 20 per cent of the total volume. No 
special precautions were taken to remove traces of oxygen in view of the 
order of magnitude involved. 

The dismutation experiments were carried out with acetone powder 
extracts of ox liver freshly prepared as described previously (1). The spe- 
cifie activity, without added muscle extract, was 0.53. 

Chemical Preparations—For the preparation of L-citrulline, p-3-phospho- 
glyceric acid, oxalacetic acid, and ATP, consult the preceding paper (1). 
The DPN employed was 75 per cent pure; it was prepared by a modifica- 
tion of the method of Williamson and Green (25).5 a-Ketoglutaric acid 
was prepared by the method of Neuberg and Ringer (26). 


SUMMARY 


1. The synthesis of arginine from citrulline has been studied in liver 
homogenates under aerobic and anaerobic conditions, comparing aspartic 
acid with glutamic acid as —-NH, donors. 

2. Aerobically, arginine formation proceeds more rapidly with aspartic 
acid as —-NH_ donor than with glutamic acid, when the reaction mixture 
is supplemented with a respiratory substrate as a source of ~ph. 

3. Evidence is presented to show that oxidation of glutamic acid, through 
the tricarboxylic cycle, supplies both the aspartic acid and the ~ph re- 
quired for arginine synthesis. Under these conditions aspartic acid is 
formed by transamination of glutamic acid with the oxalacetic acid arising 
by glutamate oxidation. Energy-rich phosphate is generated by phos- 
phorylations coupled with oxidation. 

4. The inhibition of arginine synthesis by a-ketoglutarate and by pyru- 
vate when glutamate is the —NH, donor is explained as being due to inter- 
ference, at the transamination step, with the obligatory formation of as- 
partic acid. The inhibitions were not observed when aspartic acid was 
supplied directly. 

5. Malonate has no effect on arginine synthesis per se; the inhibition 
observed when glutamate is employed is exerted through inhibition of suc- 
cinie dehydrogenase, thus preventing oxalacetate formation. Oxalacetate 
or a closely related precursor therefore overcomes the inhibition. 

6. Conditions for effecting the anaerobic synthesis of arginine in liver 
homogenates are described. 

7. A scheme is presented for the physiological pathway of amino nitro- 
gen transfer from amino acids to form urea, showing the interrelationships 
with the tricarboxylie cycle and with transamination. 


*We are greatly indebted to Mr. R. F. Light, the Fleischmann Laboratories of 
Standard Brands, Incorporated, for a large gift of yeast. 
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8. The anaerobic transfer of NH; to citrulline to form arginine has been 
carried out in acetone powder extracts of liver. 








We are indebted to Mr. Morton C. Schneider for technical assistance. v 
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MUCOLYTIC ENZYME SYSTEMS 


VII. EFFECTS OF TISSUE EXTRACTS AND BODY FLUIDS, CERTAIN 
STEROIDS, AND HEMOGLOBIN DERIVATIVES ON HYALURONIDASE 
ACTIVITY* 


By LEE W. WATTENBERG anv DAVID GLICK 


(From the Department of Physiological Chemistry, University of Minnesota Medical 
School, Minneapolis) 


(Received for publication, January 31, 1949) 


The réle of hyaluronidase as a spreading factor or invasive agent in 
tissues has led to studies of its occurrence in virulent bacteria, snake venoms, 
bee sting extracts, and spermatozoa (1, 2). Its presence in malignant 
cells has not been conclusively established. The earlier work of Duran- 
Reynals and Stewart (3), and the more recent studies of McCutcheon 
and Coman (4), on malignant tissues, favored its occurrence in some in- 
stances. 

It has been shown that antibodies elicited by hyaluronidase protein 
specifically inhibit the enzyme which served as the antigen (1). Thus, 
a testicular antihyaluronidase will inhibit the testicular enzyme but not 
streptococcal hyaluronidase, and vice versa. Blood sera from many spe- 
cies have been found to inhibit hyaluronidases from various sources in a 
non-specific manner, indicating that other inhibitors must be present 
independent of specific antibodies (5-7). Glick and Moore (8) recently 
demonstrated by electrophoretic separation at pH 8.6 that the non- 
specific inhibitory activity of human serum is associated primarily with the 
albumin. Goldberg and Haas (9) reported a separation of the inhibitor 
in hog serum into two components, but later! they found that the effect 
of one of the components could be duplicated by magnesium ions. It 
was shown by Baumberger and Fried (10) that magnesium potentiates 
the inhibiting property of serum. 

Previous investigations in this laboratory revealed that significant in- 
creases in the hyaluronidase-inhibiting ability of serum developed in polio- 
myelitis (11), in various infectious diseases (12-14) of both bacterial and 
virus origins, and in cancer (15). A strain difference in lines of mice with 
high cancer incidence was also noted (16). The present investigation was 


*This work was supported by grants from the Division of Research Grants and 
Fellowships of the National Institutes of Health, United States Public Health 
Service, Bethesda, Maryland, and the Medical Research Fund of the Graduate 
School, University of Minnesota. 

‘Goldberg, A., personal communication. 
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originally undertaken in an attempt to determine the anatomical origin 
of the inhibitory factor in the serum, and accordingly various tissues 
and body fluids were studied. Subsequently, it was observed that certain 
bile constituents possessed inhibitory properties, and the investigation was 
extended to include the effects of a variety of these constituents, hemo- 
globin derivatives, as well as certain steroid hormones and related com- 
pounds. The rabbit was chosen as the source of tissues and of some of 
the body fluids investigated because of the ready availability of the fresh 
normal material. 


Methods 


The rabbit tissues and fluids were obtained from animals killed by intra. 
venous air injection. The tissues were removed immediately, washed 
off with physiological saline to remove superficial blood, ground thoroughly 
in a mortar with sand, and extracted with isotonic saline solution. The 
extraction was carried out at room temperature for about 2 hours, after 
which the material was stored in the frozen state until ready for use. 
Subsequently it was thawed, centrifuged, and the supernatant drawn of 
for the analysis. The amount of extract employed in each reaction mix- 
ture generally represented about 0.5 gm. (wet weight) of original tissue 
In the case of smaller organs, the entire organs, or the pooled material 
from several, were used. Serum alone, and combined with tissue extracts, 
were subjected to the same treatment without alteration of the hyal- 
uronidase-inhibiting property. 

Hyaluronidase from bull testes and hyaluronic acid from human um 
bilical cords were obtained by procedures essentially the same as thox 
previously described (11). In the preparation of hyaluronic acid it wa 
found more convenient to dehydrate the ground cord thoroughly by fou 
additional treatments of 2 hours each, with enough fresh acetone to cove 
the material each time. The excess acetone was finally removed by sue 
tion on a Biichner funnel, and when the material was dry it was groundit 
a Wiley mill to a powder which passed a 30 mesh sieve. In this stale 
the material could be stored indefinitely at room temperature without 
appreciably affecting the subsequent yield of hyaluronic acid. 

The procedure for extracting the hyaluronic acid from the dried con 
preparation was altered as follows: To each 120 gm. of cord powder, 2 
ml. of Hayem’s solution and 600 ml. of water were added, and the mixtur 
was agitated in a Waring blendor for 6 minutes each day for 2 days. Be 
tween treatments, the material was stored in the cold. The mixture wi 
then centrifuged for 6 minutes at about 2000 r.p.m., and the supernatall 
fluid was removed. The residue was reextracted with an equal volum 
of thrice diluted Hayem’s solution by agitation in the blendor for! 
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minutes, placed in a refrigerator overnight, again agitated for 6 minutes 
in the blendor, and refrigerated overnight, and finally centrifuged. The 
sedimented material was extracted two more times in this fashion (until 
the supernatant fluids were no longer viscous). The combined superna- 
tants were clarified in the Sharples supercentrifuge and allowed to stand 
overnight in the cold. The clarification in the Sharples apparatus was 
carried out four more times in the same fashion. The hyaluronic acid 
was precipitated with acetone from the final clear liquid, dried, and the 
substrate solution prepared from it as previously described (11). The 
yield of dry hyaluronic acid prepared in the preceding manner is about 
8 per cent, based on dry cord powder. This yield can be increased by 
working up the fine precipitate which was discarded during the acetone 
precipitation of the hyaluronic acid from the clarified aqueous solution. 

The viscosimetric method previously employed for the measurement of 
hyaluronidase activity and its inhibition (11) was used in the present in- 
vestigation. 


Calculation of Hyaluronidase Inhibition 


In previous publications from this laboratory, the hyaluronidase inhibi- 
tion was expressed by the term employed by Haas (7), (R — Ro)/Ro, 
which is a function of the fractional change in viscosity, where Ro is the 
time in seconds for the “relative viscosity” (q) of the reaction mixture to 
fall to one-half its initial value, and FR is the corresponding time for to 
fall to half in the presence of inhibitor. » = (4, — t)/b, where &, is the 
viscosity tube outflow time for the complete reaction mixture, and ¢, the 
corresponding time for the mixture without substrate present. The re- 
action time (t;) that applies to a given measurement of 7 was taken as 
t + (4/2), where ¢ is the time from the original mixing of enzyme and 
substrate to the beginning of the outflow measurement. 

Dorfman et al. (17) emphasized the advantage of expressing inhibition as 
(1/Ro) — (1/R), a term representing the loss in enzyme activity. At 
100 per cent inhibition, (R — Ro)/Ro equals infinity, while (1/Ro) — (1/R) 
equals 1/Ro. There would be some advantage in employing the terms 
more commonly used in enzyme work, viz. per cent inhibition. Haas (7) 
actually did use this term in some cases, and he calculated it from the 
expression, (100A/(A + 1)), where A = (R — Ro)/Ro. When the term 
employed by Dorfman et al. (17) is used, the per cent inhibition would 
be (100 (1/Ro — 1/R))/(1/Ro). By algebraic simplification, both terms 
for the per cent inhibition can be converted to (100(R — Ro))/R. The 
relation between per cent inhibition and A calculated from the same data 
obtained in an actual experiment is illustrated in Fig. 1. It will be seen 


that an approximately linear relationship obtains for lower inhibitions 
in both cases. 
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When dealing with tissue extracts or other liquids whose viscosities 
might significantly affect that of the reaction mixture, a correction factor 
is required. In attempting to work out this factor, it was observed that 
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0 0.050 O.1100 0.150 0.200 
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Fig. 1. Effect of quantity of human serum on hyaluronidase inhibition, expressed 
as per cent inhibition, and as A. 


TaB_e I 
Values of F* for Rabbit Tissue Extracts, Glycerol, and Gelatin 

















Amount of 
Tissue _ tissue AT» ATe F 
in extract 
gm. sec. sec. 

I i I ahicks oot 1.6 28.5 9.0 0.66 
oo OG os Sante deeb su eeaebwe 0:7 10.3 3.8 0.68 
ES ee 0.6 8.4 3.3 0.69 
ee eds cau doses Saab pe  eNe A 0.4 4.0 1.8 0.72 
RUE N eons sia vers cee incine siege os 0.8 7.0 3.5 0.76 
I oe iat od hans hutiresaeeaey aes 0.9 8.5 4.0 0.74 
EE eee ee | 0.70 
ME aR er tt hl ae 0.3t | 11.1 5.3 0.74 
WINER ie EG tre dels Jb as dedans (G2 etd 0.03 13.8 6.8 0.73 




















* A factor to correct for increased viscosity resulting from the presence of tissut 
extracts, etc. 
t Ml. 


the magnitude of the viscosity increase occasioned by tissue extracts, # 
compounds which increase viscosity such as glycerol and gelatin, becamt 
progressively less as the hyaluronic acid was depolymerized. The differ 
ence in #; (A7’) between hyaluronic acid solutions, with and without ms 
terials that increase the viscosity, was found to be considerably greatt 
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than that (A7.) between corresponding control solutions in which the 
hyaluronic acid is omitted. In other words, the hyaluronic acid causes 
the added materials to increase the viscosity more than they would in the 
absence of the hyaluronic acid. To correct the value of R for the in- 
creased viscosity resulting from the presence of tissue extracts, etc., a 
factor (F) was employed which was obtained as follows: 

With decreasing concentrations of hyaluronic acid, the value of. AT 
approaches that of AT... It has been assumed that a linear relationship 
obtains between the decrease in viscosity due to depolymerization of 
hyaluronic acid and the accompanying fall in the value of AT. Hence, 
when 7 falls to half of its original value, the change in AT’ from zero time 
(AT’9) to time R can be considered (A7') — AT’)/2, and the value of AT 





























TABLE II 
Effect of Concentration of Rabbit Intestinal Extract on Value of F* 
Extract ATs ATe F 
mi. ye 0h alee he ea ‘ 
0.3 3.4 1.2 0.68 
0.6 8.4 3.3 0.69 
1.0 16.1 5.8 0.68 
1.5 29.0 9.8 0.67 





* A factor to correct for increased viscosity resulting from the presence of tissue 
extracts. 


at time R becomes A7') — (AT) — AT’.)/2. The proportion of this latter 
value to that at zero time is taken as the factor (F), or 


AT» — AT. 


AT») — 9 


F= 





AT 


The relative constancy of F is shown in Table I for a group of represen- 
tative tissues, glycerol, and gelatin. The effect of varying the concentra- 
tion of a given tissue extract on the value of F is presented in Table II. 
A value of 0.7 for F has been used for the tissue experiments. The data 
from which AZ’) was calculated were obtained by repeated measurements 
of outflow times over a period approximately equal to that used in the 
actual inhibition determination. This also served as a control for the 
detection of the possible presence of hyaluronidase or any other substance 
in the tissue extract that might reduce the viscosity of the mixture during 
the course of the reaction. 

The value of the “relative viscosity” at zero time of the reaction mixture 
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containing enzyme, substrate, and the added solution (tissue extract, ete.) 
no, is given by 
th, — ATo 
i ae ~ i 
to 
and when the “relative viscosity”’ falls to half of its original value due to 
depolymerization of hyaluronic acid 


No t; — 0.7A To 
2 te 


On rearranging the equation, 


bm, 07aPe 


te 2 te 

‘Thus, by adding (0.7A7'o)/t, to no/2, a value of the latter is obtained which 
is corrected for the presence of the non-hyaluronic acid materials that 
influence the viscosity. The application of this correction is illustrated 
in Fig. 2 which presents the results of experiments with a brain extract 
which had been shown to contain neither hyaluronidase nor an inhibitor 
of this enzyme. The absence of inhibitor was demonstrated by the inability 
of 0.075 m phosphate to decrease the value of R. Haas (7) had demon- 
strated that 0.1 m phosphate can inactivate the inhibitor, and under the 
present conditions 0.075 m also proved effective. The difference in the 
value of » between lines a and b, Fig. 2, represents the magnitude of the 
correction for the presence of the brain extract which increases the vis 
cosity. 

A possibility of error exists either if the enzyme solution can hydrolyx 
a viscous constituent in the tissue extract, or if the extract contains a 
appreciable hyaluronic acid concentration. In either event the AT value 
would decrease faster than otherwise. Experiments were performed m 
liver and kidney extracts in which the usual experimental conditions wer 
employed with the exception that the tissue extracts were substituted far 
substrate. In neither instance was there any fall in outflow time ove 
an 8 minute period, the duration of most of the viscosity experiments. 

Haas (7) has shown that phosphate inhibits the reaction betwee 
hyaluronidase and the serum inhibitor. Therefore the difference in 2 
values with and without phosphate (correcting for a small inhibitor effect 
that phosphate has on the enzyme) gives a measure of inhibitor conce 
tration, and this can be used as another method of determining th 
serum inhibitor in tissues. 

In the present work with tissue extracts, control experiments welt 
employed in which the viscosity of a mixture of the tissue extract, hyalt 
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ronic acid, and buffer was measured over the experimental period. When- 
ever there was a question of hyaluronidase inhibitor activity in the tissue 
extract, phosphate was employed in a parallel experiment to suppress the 
effect of inhibitor, should any of the latter be present. 


Results 


Tissues and Body Fluids—No tissue was found that had a detectable 
amount of inhibitor by the method employed. The tissues listed in Table 











Oo 100 200 300 400 500 
t3 seconds 
Fig. 2. “Relative viscosity’’ curves of reaction mixtures with and without added 
rabbit brain extract. Without brain extract, Curve B, t: = 43 seconds, b = 0/2, Ry = 


320 seconds. With 1 ml. of brain extract, Curve A, t = 43 seconds, a = (mo/2) + 
(0.7ATo/t2), Ro = 320 seconds. 


III were analyzed; each analysis was performed on the tissue from a 
different rabbit. Haas (7) had examined several hog organs for the 
presence of inhibitor and he also could detect none. His data on thymus 
tissue were inconclusive due to the viscous nature of the extract. 

In the control experiments employed for the calculation of AT’, that 
also serve to detect the presence of hyaluronidase as previously mentioned, 
none of the enzyme was found in any of the tissues tested, including 
undescended testes. The hyaluronidase in 1 mg. of descended testes 
would be readily detected. 


The question arises whether the serum present in the tissues would 
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exert an appreciable inhibition. Since it did not, it is conceivable that 
the tissue effected a destruction of the serum inhibitor present. This, 
however, appears unlikely since incubation at room temperature for ap. 
proximately 1 hour of macerated liver, spleen, lung, or bone marrow with 


TaBLeE III 


Rabbit Tissues in Which Neither Hyaluronidase Nor Hyaluronidase Inhibitor 
Could Be Detected 



































Tissue Fes onl Tissue be Tissue | Beans: 
Lymph nodes 2 Kidney 3 Mammary gland l 
Bone marrow 3 Stomach 3 (pregnant rab- | 
White blood cells 2 Small intestine 3 bit) 

(buffy coat) Colon 2 Uterus and tubes l 
Liver 3 Appendix 1 Ovaries l 
Red blood cells 1 Pancreas 2 Undescended l 
Thymus 3 Striated muscle 2 testes 
Spleen 2 Brain 2 Adrenals 2 
Gallbladder 2 Lung 3 Pituitaries 1 
Cartilage 1 Thyroid l 
Perirenal fat 1 Eye glands | l 
Skin 1 Salivary glands 2 

TasBLr IV 


Inhibition of Hyaluronidase by Body Fluids 








Calculated 
Fluid apocinens | Volume | Observed | per ct 
tested inhibition per 0.05 ml. 
ml. 
ee REA ee. ee a 8 0.10 44 22.0 
pe errs 3 0.02 39 97.5 
NOM 2 ea 2 1.0 38 1.9 
ee 1 1.0 0 0 
Human saliva... ..66..26..5.2.. Aer 2 1.0 0 0 
le NE ee 2 1.0 0 0 
te Ne ee A RS ica a 2 1.0 0 0 
ee 1 0.25 gm. 0 0 

















added serum in the proportion of 1 part of tissue to 2 of serum did not 
alter the inhibitor concentration of the serum. Therefore, it would appear 
that the amount of serum in the tissue samples employed was not great 
enough to exert a demonstrable inhibitory effect by the method used. 

Serum, gallbladder bile, and urine all inhibited hyaluronidase (Table I’); 
the other body fluids were without effect. It had been shown previously 
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(12) that bullous fluid from patients with pemphigus contained inhibitor; 
samples of human ascitic fluid also were found in the present study to 
contain it. Bile and urine inhibitors are not destroyed by heating at 60° 
for 20 minutes, and their inhibition is not decreased in 0.075 m phosphate. 
Both the heat and phosphate inactivate the serum inhibitor. Synovial 
fluid from the hog was tested, but the high hyaluronic acid concentration 
in this material complicates the analysis. Nevertheless, the results indi- 
cated that no inhibitory activity was present. 

Inhibition of Hyaluronidase by Hemoglobin Derivatives, Bile Salts, and 
Sterol Hormone Conjugates—Hemoglobin, its derivatives, the bile salts, 
and estradiol phthalate were first dissolved in a small volume of 0.1 N 
NaOH, neutralized with dilute HCl to approximately pH 8.0 and then 
diluted with several volumes of 0.1 M veronal buffer of pH 7.4. Bilirubin, 
in the concentrations used, precipitated under these conditions and hence 
was used in an unbuffered solution of pH 8.0. The sterol hormone con- 
jugates, with the exception of estradiol phthalate, were dissolved directly 
in the veronal buffer. The effect of the compounds on hyaluronidase is 
presented in Table V, and the relationship between concentration and 
hyaluronidase inhibitions for certain representative compounds is given 
in Fig. 3. 

In addition to the sterol conjugates listed in Table V, several more 
difficultly soluble sterols were tested both in aqueous solution and after 
homogenization in a Potter-Elvehjem homogenizer for 10 minutes with 
serum inactivated by heating at 60° for 20 minutes. The compounds 
were testosterone propionate (Ciba), anhydrohydroxyprogesterone (Ciba), 
Kendall’s Compound E (Kendall), ethinylestradiol (Ciba), and desoxy- 
corticosterone acetate (Schering). These were without effect. 

Sodium glucuronate (0.5 mg. per ml.), sodium phthalate (0.08 mg. per 
ml), and sodium sulfate (0.75 mg. per ml.) both alone and in the presence 
of serum showed no effect on hyaluronidase. Sodium phthalate, in the 
concentration employed, inhibited the serum inhibitor slightly. 

The hyaluronidase-inhibitory activity of hemin, biliverdin, protoporphy- 
rin, sodium glycocholate, and sodium androsterone sulfate were also studied 
in the presence of 0.075 m phosphate, and no change in inhibitory activity 
was observed. 

Inhibition of Serum Inhibitor—The compounds listed in Table V were 
also tested in the presence of normal human serum. The compound was 
first mixed with the serum, diluted to the appropriate volume, and then the 
enzyme was added. Those compounds which were without inhibiting 
effect on hyaluronidase when tested in the absence of serum were also 
inactive in its presence. In the case of the hyaluronidase-inhibiting hemo- 
globin derivatives and bile salts, and to a lesser extent some of the sterol 








2 : | 


1222 MUCOLYTIC ENZYME SYSTEMS. VII 


hormone conjugates, it was found that the inhibition of the serum inhibitor 
and compound when mixed together was far lower than the sum of their 
separate inhibitions. 





TABLE V 
Inhibition of Hyaluronidase by Hemoglobin Derivatives, Bile Salts, and Sterol 
Hormone Conjugates 
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| . |, cent ate . |, cent lated 
Compound | centra- — per ent Compound an — er cet 
| tion i tion | “On | inhibi- 
ob- tion per | Ob- {tion per 
served | 0.1 mg. | served | 0.1 mg. F 
didiniibaman _ a — omtien ‘ 
a ia —- Hem 
‘ : lye 
Hemin* (Armour) 0.15 | 66 | 44.0 | Sodium pregnane- | 0.70} 34 | 4.9 pa 
Protoporphyrin*t 0.24| 34 | 14.1 diol glucuroni- 
Coproporphyrin* 0.33 | 20 6.1 date*t | | 
IIIt aEstradiol - 17-| 0.20} 2 {101 yy 
Bilirubin*t 0.38 | 73 | 19.2 phthalate*§ | 
Biliverdin*t 0.28 | 35 | 12.5] Estrone sulfate*| 0.65; 0 | 0 — 
Stercobilin*t 0.80 0 0 (Ayerst, McKen- 
Hemoglobin (Ar- | 7.5 0 0 na and Harrison, 
mour) Ltd.) | 
Bilirubin protein | 8.4 0 0 Sodium glycochol- | 5.0 | 57 1.1 
compound from | ate (Ames) 
Fraction V-2 | Sodium taurochol- | 20.0 | 51 0.26 
(Squibb) atet 
Sodium androster- | 0.85 | 44 5.2 | Sodium  desoxy-| 0.70} 58 | 8.3 _—— 
one sulfate* cholate (Ames) | 
(Ciba) Sodium cholate | 5.0 35 | 0.7 Hem 
Sodium  dehydro- | 0.50 | 26 5.2 (Ames) a 
isoandrosterone | P 
A | roti 
sulfate* ert | J eh aaa ell Bilir 
* Crystalline. ad 
+ Prepared in the laboratories of Dr. C. J. Watson, Department of Medicin: ie ¥ 
University of Minnesota. Pa 
t Prepared by Dr. Saul Cohen, Department of Physiological Chemistry, Uni sis 
versity of Minnesota. se 
§ Prepared by Dr. W. H. Pearlman, Jefferson Medical College, Philadelphia fe 
cca as ee sa a-Est 
In Table VI the inhibition of the serum inhibitor by the compound  goq:, 
found to have this property is demonstrated. Thus, hemin, protopor “ 
phyrin, bilirubin, and the bile salts in certain concentrations form serul 0 


solutions whose hyaluronidase inhibitions are less than that of the serum 

alone. Stercobilin, which did not inhibit hyaluronidase, was found 0) _,, 
inhibit the serum inhibitor. On the other hand, the serum inhibitor wa ___ 
not inhibited at any of the concentrations of hemoglobin (0.05 to 25 mg J 
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Fig. 3. Effect of concentration of certain compounds on hyaluronidase inhibition. 
: Hemin (©), sodium androsterone sulfate (®), sodium desoxycholate (@), sodium 
glycocholate (©), sodium taurocholate (@). Solubility limitations did not permit 

4.9 measurements with sodium androsterone sulfate at higher concentrations. 


TABLE VI 






































0.1 Inhibition of Hyaluronidase by Certain Compounds in Presence and Absence of 
Human Serum 
0 a <a rr 
Per cent inhibition Ber wr _ 
observe: crease crease 
| | of inhi- | of inhi- 
| wl 
1.) Compound | centra: | he ~| Com- @dditive) pound 
Case | Serum pound | value | in pres- 
0.26 pound | mt) | gectom | pound | Oot ma 
a serum | "+ | heated | 
| | serum | serum : 
se | 8. per | i 
0 Hemin. eraeuner ee «p@aS| 7 | SB iarinit a i 
rere ...++.---{ 0.86] 94 | 38 | 45 | 66 : 
Protoporphyrin. ..| 0.24 | 34 64 48 51 71 " 
Bilirabin........... ae voc s+ a CE ke 66 62 22 
" He 5 «ce se ee 66 69 50 | 77 5 
‘icine, Biliverdin -ssses+s+] 0.28 | 35 | 27 | 36 | 42 | i 
’ Stercobilin . , sa Gears. «4 atans Se pe 0 29 | 16 45 % 
Uni Sodium androsterone sulfate. . OS ee 0.60 | 29 33 | 53 | 14 * 
; , a ee ....} 0.85 | 44 | 29 i 
‘his ‘*  dehydroisoandrosterone sulfate... | 0.50 | 26 | 52 59 | 24 : 
‘“ pregnanediol glucuronidate....... 0.70 | 34 45 | 64 | 19 i 
_ | a-Estradiol-17-phthalate. . Joeieets ce ae) Oe ae 3 
ound: | Sodium glycocholate. .. rite ae 1.5 27 | 44 | 27 | 62 | 4 
Lopor ‘5 ” Seer: oe ee q 
serul “*  taurocholate........... ieenincee ee 0 | 40 | 35 12 
serum} . iE tee 40.0 | 68 | 40 | 65 40 | 
nd to | rere 0.7 | 58 | 48 26 75 | b 
oe “ee 5.0 | 35 | 35 | 27 | 61 | 
or Was}; a :, aren en Paasche . 
25 mg. * Different samples of serum were used for the various experiments. 3 
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per ml.) or sodium androsterone sulfate (0.15 to 0.85 mg. per ml.) used, 
Other sterol hormones, and coproporphyrin and biliverdin were not 
tested to evaluate their effects on the serum inhibitor due to the scarcity 
of the compounds. 

Decrease in Hyaluronidase-Inhibitory Activity of Various Compounds in 
Presence of Serum—The loss of hyaluronidase-inhibitory activity of the 
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compounds studied due to serum is demonstrated in Table VI in two ways, | 
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Fia. 4. Effect of concentration of certain compounds in the presence of human 
serum on the hyaluronidase-inhibitory activity. Hemin (Curves A and A’), sodium u 
androsterone sulfate (Curves B and B’), sodium glycocholate (Curves C and C), T 
Inhibition by serum alone, lines a, b, and c. Experimental values, Curves A, B, p 
and C; calculated values, Curves A’, B’, and C’. Curves A’ and C’ exceed 100 per fi 
cent, since they represent inhibition as per cent of the enzyme in a reaction mixturt 


theoretically capable of being inhibited. 3 

m 
First, the addition of unheated serum to certain compounds resulted i er 
solutions which had less hyaluronidase-inhibitory activity than the com in 
pound alone in the same concentration, e.g. hemin, desoxycholate, and gi 
cholate. Second, the addition of serum, in which the inhibitor had bee ec 
destroyed by heating at 60° for 20 minutes, to a number of the compounti , di 
also resulted in a solution with less inhibitory activity than that of the} fo 
compound alone. It will be noted that certain of the sterol hormote gr 


conjugates retain considerably more hyaluronidase-inhibitory activity that 
the other compounds after dissolving them in serum. fe 
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Effect of Concentration of Inhibitor Compounds on Hyaluronidase Activity 
in Presence of Serum—The effect of concentration of three representative 
compounds dissolved in serum is shown in Fig. 4. At all of the concentra- 
tions of sodium androsterone sulfate, an increased inhibitory effect over 
that of serum alone was observed, whereas with hemin and sodium gly- 
cocholate there was first a decrease, and then an increase of the inhibition. 
Sodium androsterone sulfate and sodium pregnanediol glucuronidate, when 
added to serum, come nearest to giving mixtures which have inhibitory 
activities equal to those of the sums of the inhibitory activities of the 
separate constituents. 


DISCUSSION 


Three groups of compounds, sterol hormone conjugates, hemoglobin 
derivatives, and bile salts, have been shown to inhibit hyaluronidase. 
Consideration of the concentrations of these compounds in circulating 
blood and their hyaluronidase-inhibiting effects at these concentrations 
would lead to the conclusion that, individually, these compounds contribute 
little to the total inhibitor content of the blood serum, but all together 
they might exert an effect. There is also the possibility that they may 
play an inhibitory réle in local tissue sites, e.g. the cells of the reticulo- 
endothelial system where the products of hemoglobin breakdown and 
hyaluronidase from phaged bacteria may coexist, in sites of tissue de- 
struction where high concentrations of porphyrin have been observed, etc. 
These compounds differ from the labile serum inhibitor in their greater 
heat stability, and in the fact that their inhibitory activity is not de- 
creased in the presence of phosphate. 

Certain effects of structure of the compounds studied on their hyal- 
uronidase-inhibiting properties may be deduced from the data obtained. 
The fact that hemoglobin produced no inhibition, whereas hemin and 
protoporphyrin did inhibit, suggests that the large globin moiety in the 
former may have prevented, by steric hindrance, the combination of the 
inhibiting prosthetic group with the enzyme. Competitive inhibition 
might be expected from certain acid compounds, since the substrate of the 
enzyme is itself acidic. However, when the number of carboxyl groups 
in the protoporphyrin molecule is doubled by replacing the two vinyl 
groups with propionic acid radicals, thus converting the compound to 
coproporphyrin III, the inhibiting effect is reduced. The constitutional 
difference between hemin and protoporphyrin is the presence of iron in the 
former but not in the latter; this difference is reflected in the markedly 
greater inhibitory effect of the hemin. 

The inhibitions produced by bilirubin and biliverdin are not very dif- 
ferent, but the replacement of the vinyl groups in the latter by ethyl 
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groups and the saturation of double bonds in the terminal pyrrole rings 
to form stercobilin are accompanied by the loss of all inhibitory activity. 
Removal of a hydroxyl group from the cholic acid nucleus to form the 
desoxycholic acid results in an increase of the inhibitory effect. Altera- 
tions in the chain attached to the 17-carbon atom, as in glycocholate and 
taurocholate, have little effect. Sodium androsterone sulfate has inhibit- 
ing properties, but replacement of the saturated Ring I with a benzene 
ring to form estrone sulfate results in the loss of this inhibition. However, 
the reduction of estrone to estradiol effects a recovery of the inhibiting 
property. The introduction of a double bond in Ring II of androsterone 
to form dehydroisoandrosterone has no effect on inhibiting capacity. 

Stercobilin, bilirubin, protoporphyrin, hemin, and the bile salts have been 
found to inhibit the serum hyaluronidase inhibitor; however, their serum 
concentrations in vivo would appear to be too low to be significant. Never- 
theless, the combined effects of a group of these compounds might be of 
physiological importance, particularly in conditions accompanied by ele- 
vated levels of these substances, and in vivo effects might be appreciable in 
local tissue sites. Since these compounds with the exception of stercobilin 
can both inhibit hyaluronidase and the serum inhibitor, their resultant 
effect would depend on the particular combination of compounds present 
and their respective concentrations. 

It is interesting to note that stercobilin which has certain of the proper- 
ties of Haas’ (18) “‘proinvasin I,” 7.e. it inhibits the serum inhibitor with- 
out inhibiting hyaluronidase, should be the product of bacterial metabolism 
of a bile pigment. Thus a potential inhibitor of bacterial hyaluronidase 
is converted in the intestines to a compound that aids their invasiveness. 

The clinical observation (19) of the improvement of patients with rheu- 
matoid arthritis by an accompanying jaundice or pregnancy is of interest 
in connection with the present work. In jaundice there exists increased 
concentrations of compounds which we have found to affect hyaluronidase, 
and which might therefore have some influence on the hyaluronic acid 
of the affected joints. Of course this presupposes that hyaluronidase is 
involved in the pathological development, and that remains to be estab- 
lished. Too little is known concerning the blood levels of hormones in 
pregnancy to draw any conclusion as to their réle as hyaluronidase in- 
hibitors in this state. Hakanson and Glick (20) in fact found no change 
in the inhibitor level of the blood serum during normal pregnancy in the 
human. 

The lack of demonstrable hyaluronidase inhibitor in any of the tissues 
studied indicates one of the following possibilities: that there is no 
appreciable accumulation of the inhibitor in the tissues, that it is not 
extracted from them by the technique used, or that the inhibitor is formed 
in the blood stream itself. 
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SUMMARY 


The hyaluronidase-inhibitory activity of certain sterol hormone con- 
jugates, bile salts, and hemoglobin derivatives has been demonstrated. 

On the basis of heat stability and retention of inhibitory activity in 
the presence of phosphate these inhibitor compounds may be differentiated 
from the serum inhibitor. 

In the presence of serum these compounds show a decrease in their 
inhibitory activity, this being least for certain of the sterol hormone 
conjugates. Certain of the hemoglobin derivatives and all of the bile 
salts inhibit the serum hyaluronidase inhibitor. 

Sodium androsterone sulfate differs from the hemoglobin derivatives 
and bile salts in that it does not inhibit the serum hyaluronidase inhibitor 
and is itself inhibited by serum to a smaller degree. 

Of the compounds tested, stercobilin has the unique property of in- 
hibiting the serum inhibitor, and not inhibiting hyaluronidase itself. 

A viscosimetric method for the quantitative analysis of the serum 
inhibitor in the presence of materials that increase viscosity such as tissue 
extracts has been described. 

No tissue has been found which contains a significant amount of hyal- 
uronidase inhibitor. 

In addition to serum, the only body fluids investigated in this study 
that were found to inhibit hyaluronidase are bile and urine. The in- 
hibitors present in the latter are distinct from that in the former as indicated 
by their relative thermostability and independence of phosphate. 

Relationships between the structure of the compounds investigated and 
their inhibiting effects have been discussed. 


The authors are indebted to Dr. C. J. Watson and Dr. E. Larson, Uni- 
versity of Minnesota, for samples of hemoglobin derivatives and bile 
salts; Dr. H. Sobotka, Mount Sinai Hospital, New York, and the Ames 
Company, Elkhart, Indiana, for bile salts; Dr. L. L. Lachat, Armour and 
Company, Chicago, for hemoglobin derivatives; Dr. M. Graubard and 
Dr. 8. Cohen, University of Minnesota, for hormone preparations; Dr. E. 
C. Kendall, the Mayo Clinic, for Compound E; Dr. E. Oppenheimer, Ciba 
Pharmaceutical Products, Inc., Summit, New Jersey, and the Shering 
Corporation, Bloomfield, New Jersey, for samples of hormones. The 
technical assistance of Mr. Page R. Edmondson and Miss Marianne 
Rosenstock is gratefully acknowledged. 
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EFFECT OF TRACE IMPURITIES IN ADENOSINE 
TRIPHOSPHATE* 


By G. A. LEPAGE anp VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison) 


(Received for publication, February 24, 1949) 


Adenosine triphosphate (ATP) is a necessary component of the enzyme 
system that oxidizes pyruvate and oxalacetate in homogenates of certain 
animal tissues (1, 2). Muscle adenylic acid is also effective, since it is 
readily converted to ATP. Attempts to confirm or apply the results of 
these studies may be seriously hampered by the use of commercial samples 
of ATP if these preparations contain trace impurities, which are not 
revealed by determinations of ribose, nitrogen, total phosphate, inorganic 
phosphate, and labile phosphate. One such example has already come to 
our attention. In the enzyme system that we employ, the amount of 
tissue in the reaction mixture is very small, and since, as will be shown, the 
per cent inhibition increases as the amount of tissue decreases, this enzyme 
system is a sensitive indicator of trace impurities in ATP preparations. 

Since ATP is an important component of the reaction mixture in many 
enzyme systems that are of current interest, it seems desirable to call 
attention to the fact that various commercial samples contain trace in- 
hibitors, to show how these inhibitors may be easily revealed, and to report 
that, in the case of the preparations examined, the impurities were elimi- 
nated by purification following standard procedures (3). It is thus likely 
that improved preparations can be made available commercially. 


EXPERIMENTAL 


Test System—The enzyme system employed is essentially that of Potter, 
Pardee, and Lyle (2), modified in order to make it more widely available 
for the present type of test. To this end, fumarate may be substituted 
for oxalacetate and cytochrome c may be omitted. The amounts of ATP 
and homogenate are varied for the purposes of the assay. The reaction 
components are as follows: water to make a final volume of 3.0 ml., 0.4 ml. 
of 0.5 m KCl, 0.1 ml. of 0.1 m MgCle, 0.5 ml. of 0.1 m K phosphate of pH 
7.2, 0.4 ml. of 0.05 m K pyruvate, 0.4 ml. of 0.04 m K fumarate, 0.3 to 0.5 
ml. of 0.01 m K ATP, and 0.1 to 0.4 ml. of 10 per cent kidney homogenate 

* This work was aided by a grant from the American Cancer Society on the rec- 


ommendation of the Committee on Growth of the National Research Council and by 
& grant from the Jonathan Bowman Fund for Cancer Research. 
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in isotonic KCI plus bicarbonate (1). All components are kept cold unti ret 
the flasks are placed in the 38° bath. Oxygen uptake is measured for about po 
six successive 10 minute intervals in Warburg flasks with no side arms. we 

Each reaction mixture is set up in duplicate and the results are the 
average of the two successive 10 minute periods that represent the maxi- 
mum rate. Each preparation of ATP is tested at two levels of tissue, 0.2 
and 0.3 ml. of 10 per cent homogenate, with 0.5 ml. of 0.01 m ATP, and at 
two levels of ATP, 0.3 and 0.5 ml. of 0.01 m, with 0.3 ml. of homogenate, 
The minimum test thus requires six flasks per sample. 

Preparations—The pyruvate is prepared by diluting 1 N acid, neutraliz- 
ing it with K,CO;, and removing the CO: by aeration. The 1 N pyruvic 
acid is kept in the cold and is prepared by double distillation of Eastman 
pyruvic acid at 2 to 4 mm. of Hg, with immediate dilution of the product. 
The fumaric acid was obtained from Eimer and Amend. Two prepara- 
tions of ATP were prepared in this laboratory by G. A. LePage and by 
W. W. Ackermann, according to methods earlier described (3). They are 
designated as Preparations GAL and WWA in Figs. 1 and 2. Two com. | 
mercial samples of ATP are designated Preparations C-1 and C-2. These 
samples were partially but not completely purified by precipitating BaSO, 
in a solution of the preparation as described earlier (3). Repetition of this 
procedure was ineffective. The two preparations were then put through 
the entire purification procedure (3), yielding samples designated as 
Preparations P-1 and P-2. 
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The kidney tissue was obtained from young adult male rats obtained fun 
from the Holtzman Rat Company, and maintained on a stock diet of use 
° . ara 
mixed grains. pr 
Results wit 

tha 

The results are shown in Figs. 1 and 2. While the data include prepara- | ] 
tions that are considered to be primary standards, an impure preparation | 9.01 
may be recognized without the use of a primary standard. Eas 
In Fig. 1 the rate of oxidation is plotted against the concentration o nb 
ATP. In the case of Preparations GAL, WWA, P-1, and P-2, which are ran, 
relatively pure, an increase in ATP concentration produced no change in of 4 
the rate after the maximum rate had been reached. In the case of Preps- (Pre 
rations C-1 and C-2, which were tested as received, the rate of oxidation | °™ 
decreased when the amount of ATP was increased, showing that impurities par 
were present. These results show that the inhibition is due to the ATP and 
preparation and not to any other reaction component. ) wit 
In Fig. 2 the rate of oxidation is plotted against the concentration a dat 


tissue. In the ideal case a straight line through the origin should be ob- 
tained. When Preparations GAL, WWA, P-1, and P-2 were used, the 
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results were essentially the same and yielded a line that passed through a 
t point slightly to the right of the origin. When Preparations C-1 and C-2 
were used, a marked shift to the right occurred, yielding lines that were 
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Fig. 1. Effect of ATP concentration on the rate of oxidation of pyruvate plus 
1ed fumarate. See the text for reaction components. Various samples of ATP were 
of used: Preparations C-1 and C-2 were commercial samples before purification; Prep- 
arations P-1 and P-2 were the same samples after purification; Preparations GAL 
and WWA were made in this laboratory. Preparation GAL was tested in parallel 
with each of the other samples, but the variation between homogenates was so slight 
that data from only one experiment are reported. 
ura Fig. 2. Effect of enzyme concentration upon the inhibition produced by 0.5 ml. of 
ion | OO1MATP. See the text for reaction components of oxidative system. The various 
curves were obtained with the same ATP preparations used to obtain the data in Fig. 1. 
Each sample was compared with a primary standard (Preparation GAL). Only two 
1 0 experiments with Preparation GAL are shown, since the other data fell within the 
are range represented by the experiments reported. The results obtained in the presence 
e iD of 4 of copper added as copper sulfate to a system containing 0.5 ml. of ATP 
epa- (Preparation GAL) are included as another example of inhibition in which the per 
tion | cent inhibition depends on the tissue concentration (cf. (4)). 
ities parallel to the control data. Partially purified samples of Preparations 1 
ATP , and 2 gave lines that fell between the control data and the data obtained 
with untreated samples. These data are almost identical with similar 
0 : data obtained by Ackermann and Potter’ using the succinoxidase system 
> OD- 


the ? Ackermann, W. W., and Potter, V. R., unpublished work. 
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in the presence of 1 or 2 y of copper per flask. Experiments were carried 
out with the present reaction system with various levels of copper, mercury, 
cadmium, iron, and nickel. At final concentrations of 2 X 10- m, mer- 
curic and cupric ions gave about the same degree of inhibition, cadmium 
was much more toxic, and ferric and nickelous ions were not toxic. Fig. 2 
shows the effect of adding 4 y of copper per flask (2 X 10M) at various 
tissue concentrations. The data correspond to what might be expected 
from an inhibitor that is essentially undissociated from the enzyme;,' in 
which case the inhibitor has the effect of eliminating an absolute amount 
of enzyme that is independent of the enzyme concentration. The per 
cent inhibition accordingly decreases with increasing enzyme concentration. 
Whether the inhibition produced by the impure samples of ATP is due to 
heavy metals cannot be concluded from these data. Calcium ions have 
also been shown to inhibit the enzyme system (4). The slight displace- 
ment of the control curves from the origin is believed to be due to impurities 
in the system other than in the ATP, since increasing the concentration of 
the control ATP preparations did not increase the inhibition (Fig. 1). 

The results show that the impurities can be removed by the purification 
procedure previously employed (3). We have been advised by Dr. J. A. 
Bain of the University of Illinois College of Medicine that when this test 
was applied to five samples of commercial ATP only one proved satis- 
factory. We have found one sample of commercial muscle adenylic acid 
to be satisfactory. 

This test does not determine whether a preparation of ATP contains 
adenosine monophosphate or adenosine diphosphate but this problem is 
adequately handled by chemical analyses. In this connection the report 
(5) that ATP spontaneously breaks down to adenosine monophosphate and 
inorganic pyrophosphate does not appear to apply to all samples. In the 
above report the conditions of storage were not specified. Samples of 
ATP (Ba salt) made in this laboratory are dried in vacuo and held in a 
desiccator over CaCl: The salt is placed in several small containers 
(3 to 4 gm.) which are used up one at a time. In the course of ATP 
analyses reported earlier (1) the fractionation was checked with reference 
to the behavior of inorganic pyrophosphate. At the levels at which ATP 
was used any inorganic pyrophosphate present in the ATP would have 
appeared in the barium-soluble fraction instead of in the barium-insoluble 
fraction in which the ATP was found. No evidence of inorganic pyro 
phosphate was found in a preparation that was 4 years old. 


SUMMARY 


1. Trace impurities in adenosine triphosphate (ATP) obtained from 
commercial sources were shown to produce marked inhibition of the rate 
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of oxygen uptake by rat kidney homogenates in the presence of pyruvate 
and fumarate. 

2. When the concentration of the impure samples was increased, the 
oxygen uptake decreased, and when the rate of oxygen uptake was plotted 
against tissue concentration, the result was a line parallel to but lower than 
the line obtained with control data. 

3. The impure preparations were purified by standard methods to yield 
satisfactory products. 


The authors wish to acknowledge the technical assistance of Gloria G. 
Lyle in carrying out measurements of oxygen uptake. 
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A COLORIMETRIC METHOD FOR THE ESTIMATION OF 
ACETOACETIC ACID IN THE BLOOD* 


By SANFORD M. ROSENTHAL 


(From the Experimental Biology and Medicine Institute, National Institutes of Health, 
Bethesda, Maryland) 


(Received for publication, February 26, 1949) 


It was observed that acetoacetic acid when coupled with 4-nitrobenzene- 
diazonium salt in a buffered carbonate solution yielded a strong green 
color upon further alkalization. This reaction was given by relatively 
few of the biochemical compounds that have been tested, and the pro- 
cedure has been developed so that, as applied to blood filtrates, it is be- 
lieved to afford a satisfactory measure of acetoacetic acid content. 


Nature of Reaction 


Azo compounds of ketones have long been known and the derivative 

of 4-nitrobenzenediazonium salt with acetoacetic acid has been described 

| (1). Isomeric forms which include the hydrazones, as well as multiple 
substitutions to yield formazyl compounds, have also been described (2). 
The Arnold test for acetoacetic acid in the urine is based upon a diazo 
reaction (3). 
The reaction products in our procedure have not been identified, but 
the following evidence indicates that the hydrazone is not involved: 
The hydrazone of acetoacetic acid has a rose color with an entirely different 
absorption spectrum (4); the hydrazone of acetoacetic acid is reported 
to have a color intensity only 6 per cent of that of pyruvic acid (4), while 
in our procedure the green color is approximately 10 times as strong as 
equimolecular quantities of pyruvic acid; the hydrazone reaction is given 
by a-keto acids, while in this method, with the exception of pyruvic acid, 
those tested have given negative responses. 





The absorption spectra of the azo compounds of acetoacetic and pyruvic 
acids in a butanol-benzene solvent are shown in Fig. 1. Two peaks of 
absorption suggested the possibility of two components, and this was 
further indicated by passing the green butanol-benzene extract from 
acetoacetic acid through an activated alumina column 15 cm. in length. 
Upon alkalization of the filtrate a blue component was first obtained, 
followed by a yellow component which appeared upon washing the column 

' with butanol. A large part of the absorption occurring below 470 my, and 
extending into the ultraviolet, is contributed by the reagent blank extracts. 


*The author wishes to acknowledge the valuable suggestions and assistance of 
Dr. Herbert Tabor and Dr. Hugo Bauer throughout the course of this work. 
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The blue component, with maximum absorption at wave-lengths of 640 
to 650 my, forms the basis of our measurements in the test. Preliminary 
experiments indicate that this color characteristic is a function of the 
nitro group in diazotized 4-nitroaniline. Acetoacetic acid reacted with 
the diazonium salt of sulfanilic acid to give a pale rose solution, not ex. 
tractable with butanol; with 4-chloroaniline a deep rose color, com. 
pletely extractable by the butanol-benzene solvent, was obtained. 


Method 


Whole blood or plasma, oxalated or heparinized, is deproteinized by 
the zinc procedure of Weichselbaum and Somogyi (5). Since small 
volumes of filtrate are desirable, 10 per cent ZnSO,-10H2O and approxi- 


mately 0.4 N Ba(OH)2 are used. To 5 cc. of blood or plasma are added | 


10 cc. of water, then the amount of Ba(OH)2! as shown to be required by | 
titration against the zinc solution (5), and, after mixing, 5 cc. of the ZnS0, | 
solution. The tube is corked and vigorously shaken. Before filtering, | 


the tubes are centrifuged to increase the quantity of filtrate. 

Three tubes are used in the test. In one tube are placed 5 cc. of the 
filtrate plus 0.5 cc. of 5 N H.SQ,; this tube is immersed in boiling water 
for 5 minutes, then cooled in ice water, and neutralized with 0.5 ce. of 
5 Nn NaOH. 5 cc. of filtrate are placed in the second tube, and 5 ce. of 
water in the third tube for the reagent blank. When high concentrations 
of acetoacetic acid occur, smaller aliquots of the filtrates are taken and 
made up to 5 ce. 

The tubes are placed in ice, and 4 cc. of the buffer mixture added and 
mixed by agitation; 2 cc. of the diazo reagent are added, and the tubes 
agitated and allowed to remain in the ice bath for exactly 10 minutes 
1 cc. of 5 N NaOH is now added, and the tubes are agitated and replaced 
in the ice bath for 2 minutes. 5 cc. of butanol-benzene solvent are nov 
added, and the tubes tightly stoppered with corks and shaken. 

The tubes are centrifuged for 1 to 2 minutes, and, by means of a pipette 
with a rubber bulb, 3 cc. of the solvent are pipetted into small colorimeter 
tubes containing 0.5 cc. of 0.05 n NaOH in absolute ethanol. The colorim- 
eter tubes are stoppered and read in a spectrophotometer at a wave 
length of 640 to 650 my, or in a colorimeter equipped with an appropriate 
filter. 

If the available amount of blood filtrate is not sufficient, all volume 
can be reduced proportionately. 

Standard curves are obtained by using 5 cc. of a solution containing 
0.25 to 4 y of acetoacetic acid per cc.; these dilutions are made up in 4 


1 The Ba(OH)s must be frequently titrated against the ZnSQ,, as BaCO; precipi 
tates on standing. 
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Fig. 1. Absorption spectra upon butanol-benzene extracts from tests carried out 
upon solutions containing 1 y per cc. of acetoacetic acid and 10 y per cc. of pyruvic 
acid. Determinations carried out with a Beckman spectrophotometer with cells 
1 em. in length. 





filtrate obtained by carrying out the zinc precipitation in water alone. 
The readings of the reagent blank must be deducted from all readings, 
unless the comparisons are made against the reagent blank. 

The extraction with the butanol-benzene solvent is not complete, so 
that the calibration curve is not linear. However, the use of benzene 
does away with many extraneous colors, and it was considered preferable 
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to obtain a low reagent blank at the expense of incomplete extraction 
For unknown reasons, repeated extraction with this mixture does not 
take up the remaining green color in the aqueous phase. 

The values for the filtrates are obtained from the standard curves: 
after multiplication by the dilution factor, the reading of the boiled filtrate 
is subtracted from that of the unboiled, to obtain the amount of aceto- 
acetic acid per cc. of blood. 

Reagents Required—Distilled water? that is free from copper should be 
employed. Special care is also required that glassware be clean and free 
from copper; overnight soaking in cleaning fluid, followed by rinsing jn 
tap water and a final rinse in distilled water, has been found adequate, 

The chemicals should all be of reagent grade. 

Buffer solution. It has been found preferable to make stock solutions 
of the individual ingredients and mix them in proper proportion for daily 
use: mix together 1 part of 1 m oxalic acid and 1 part of 1 M tribasic po- 
tassium phosphate; add 2 parts of 50 per cent potassium carbonate. The 
mixture is cooled in ice and 4 cc. added to 5 ec. of the cooled blood filtrate. 

Diazo reagent. This is prepared from a stock solution of 0.1 per cent 
4-nitroaniline in 0.1 Nn sulfuric acid; it is necessary to heat to boiling to 
bring this chemical into solution. The reagent is prepared freshly a fey 
minutes before use by cooling 10 cc. of this solution in ice and then mixing 
with 1 cc. of 4 per cent sodium nitrite. 

Other solutions required are 10 per cent ZnSO,-10H,20, 0.4 n Ba(OH),, 
5 N H.SQ,, 5 nN NaOH, a mixture of equal parts of n-butanol and thio- 
phene-free benzene (CsHs), and an alcoholic NaOH solution made by 
adding 0.5 ce. of 5 n NaOH to 50 cc. of absolute ethanol (this is conven- 
iently kept in a large cork- or glass-stoppered test-tube so that it can be 
centrifuged if any turbidity is present). 

A 2 per cent solution of acetoacetic acid for use as a standard has been 
prepared (as the sodium salt) every few weeks and kept in the refrigerator: 
1.3 ec. of ethyl acetoacetate (redistilled) are added to 51 cc. of 0.2 n NaOH 
and allowed to stand in the refrigerator 2 days before using. 0.5 ce. af 
this solution diluted to 1000 cc. yields a solution containing 10 y per ce. 
Ethyl acetoacetate gives a different calibration curve and cannot be used 
as a standard. 


Specificity of Method 
The following compounds’ react to give a green color with an absorption 
peak at 640 to 650 my; their approximate relative intensities (on a molar 


2 Water obtained by the use of a Barnstead bantam demineralizer has been found 
satisfactory. 

* Several of the keto acids were supplied by Dr. A. Kornberg, Dr. A. Meister, and 
Dr. H. W. Bond. The oxalosuccinic acid was originally prepared by Dr. S. Ochoa. 
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basis) are as follows: (1) acetoacetic acid 100, (2) ethyl acetoacetate > 100, 
(3) oxalacetic acid 100, (4) a,y-diketovaleric acid 100, (5) acetylace- 
tone 115, (6) pyruvic acid 10, (7) tyrosine 20, (8) guanine 1.5, (9) thy- 
mine 1.5. 

Among many compounds tested (in amounts from 100 to 1000 y), 
those that did not give a significant reaction included acetone, acetonyl- 
acetone, oxalosuccinie acid, a-ketoglutarie acid, levulinic acid, a-keto- 
isocaproic acid, dehydroacetic acid, B-hydroxybutyric acid, malonic, 
maleic, and malic acids. 

With the exceptions (6) to (9) shown above, the principal reacting group 
appears to require the linkage CC(=O)CH,C(=O)—. Several a-alkyl 
monosubstitution products of acetoacetic acid also reacted positively. 
The negative response of oxalosuccinic acid may be due to its instability. 

Of the 8-keto acids which respond, only acetoacetic acid is believed to 
be in the blood filtrates in measurable amounts. Should it be desired 
to employ the method to demonstrate acetylacetone or a,y-diketovaleric 
acids, these compounds may be differentiated by their rate of destruction 
on heating in acid solution. While acetoacetic and oxalacetic acids are 
rapidly destroyed, the rate is very much slower with acetylacetone, and 
moderately slower with a,y-diketovaleric acid. It should also be noted 
that oxalacetic acid is changed to pyruvic acid by this treatment; so that 
the heated solution gives a color reaction equivalent to approximately 
10 per cent of the original. 

Since the other compounds known to give the reaction are resistant 
to brief heating in acid solution, it is believed that the fraction destroyed 
by this heating affords an accurate measure of acetoacetic acid in blood 
filtrates. 

The evidence so far obtained indicates that the residue of color absorp- 
tion at 640 to 650 my that remains after heating the acidified solution is 
contributed mainly by pyruvic acid. The other known reacting com- 
pounds, in amounts possibly encountered in blood, are retained in the 
zinc-barium precipitate. When 50 y of tyrosine, or 100 y of guanine or 
thymine, were added per cc. of blood, none could be detected in the filtrate. 
With 100 y of tyrosine per cc., approximately 5 per cent appeared in the 
filtrate. 

The special requirements and limitations of the procedure as applied to 
pyruvic acid are discussed below. 

Several amino acids, phenols, and amines react under the conditions 
of the test to give a rose color. The procedure was originally designed 
to detect certain aliphatic amines and diamines‘ after preliminary puri- 
fication, as carried out for histamine (6, 7). These colors fall at another 


‘Unpublished data 
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part of the spectrum, and it will be shown below that with a spectropho. | 
tometer (or with suitable filters) these colors do not interfere with deter. | 


minations of acetoacetic acid upon blood filtrates. 

The method cannot be applied to tissues or to urines without preliminary 
purification of the extracts because of interfering colors. Procedures for 
this purpose have not yet been developed.’ 


TaBLeE I 
Recovery of Acetoacetic Acid (AA) Added to Whole Blood or Plasma 

















AA recovered AA recovered 
Y per cc. Y der ce, 

Rat whole blood 3.6 Rabbit whole blood 1.05 
+1y7 AA per cc. 4.7 + 2+ AA per cc. 3.15 
oa = “ce “ee cc ce 6.0 oe 3 “ce “ «é “cc 3.95 
Magee 8 tess 6.8 Plasma 1.05 
Whole blood 2.65 (2.7)* + 1 AA per cc. 2.15 
+1y7 AA per cc. 3.6 (3.5) ID SE ehh) 3.95 
+ Qs 66 “cS 4.5 (4.6) 

+ 3 6 ‘“c sc 5.5 (6.0) 

Human whole blood 1.3 Human plasma 1.4 
+ 2-7 AA per cc. 3.2 + 2 +7 AA per cc. 3.5 
Whole blood 2.6 Plasma 2.6 
+ 2-7 AA per ce. 4.8 + 2 7 AA per cc. 4.8 





*The figures in parentheses represent separate determinations on the same 
filtrates. 


Results on Blood Filtrates 


In the earlier part of this work a Coleman spectrophotometer (junior 
model) was used; later a Beckman (model DU) was employed. 

The blood samples were immersed in ice upon collection and tests 
carried out as soon as possible. In Table I is shown the recovery of | to 
3 y of acetoacetic acid added to heparinized blood or plasma of several 
species. Values within 10 per cent of theory were obtained. 

In Table II is shown the acetoacetic acid content of whole blood and 


5 Satisfactory purification of certain tissue extracts has been accomplished by 
passing the zinc filtrates through a 1 X 5 cm. column of Amberlite IR-120 (Rohm 
and Haas Company, Philadelphia). The Amberlite requires preliminary washing 
with 1 n H,SQ, followed by several washings with |water. Deproteinized filtrates 
from tissues are obtained by using 1} to 2 times tiie amounts of ZnSO, and Ba(OH) 
that are employed for blood, and water to make a final dilution of 1:10. The tissue 
is thoroughly ground in a mortar with acid-washed sand and the calculated amounts 
of Ba(OH): and water. The zinc solution is then added with additional stirring. 
The material is then poured into test-tubes, shaken, briefly centrifuged, and filtered. 
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plasma of the mouse, rat, guinea pig, and man. The animals were young 
adults of mixed sexes, not fasted except when indicated. Mice and rats 


Tase II 


Acetoacetic Acid Content of Whole Blood and Plasma in Several Species of Animals 


The results are expressed in micrograms per cc. 


Those for mice were upon 


pooled samples collected from five to ten mice. The values of whole blood and 
plasma opposite each other imply the same sample. 


























Rat Mouse 
Whole blood Plasma Whole blood Plasma 
3.8 4.1 2.45 2.65 
4.5 6.3 6.8 7.4 
2.7 
2.3 Fasted 25 hrs. 
5.7 
8.4 50 62 
3.5 141 150 
3.5 
3.0 Fasted 48 hrs. 
| 290 
Fasted 18 hrs. 
42.5 
Fasted 24 hrs. 
66 | 66 
Man Guinea pig 
0.95 0.97 2.3 2.7 
0.55 0.80 1.4 1.62 
1.3 1.4 1.5 
1.6 1.9 1.6 
2.6 2.82 
Fasted 24 hrs. 
6.5 | 7.6 
13.2 | 16.0 
Fasted 48 hrs. 
5.2 | 5.9 
8.0 9.2 
Fasted 76 hrs. 
6.7 
25.7 











were kept upon a commercial laboratory pellet diet, while the guinea pigs 


were fed oats and cabbage. 


Human blood samples were obtained from 


adult male laboratory workers in mid-morning, after breakfast. 
Values in the mouse and rat were higher and more variable than in 
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other species, and showed the rapid and large increases on fasting pre. 
viously reported for the rat (8). The guinea pig showed a much lower 
response to fasting. 

The plasma showed slight but consistently larger concentrations than 
in whole blood, in contrast to the findings in man of Stark and Somogyj 
(9). While this could possibly be due to the presence of an inhibitor in 
the cellular elements, no difficulty was encountered in the recovery of 
acetoacetic acid added to whole blood. 

It was found that the known compounds giving absorption at 640 to 
650 my were all destroyed by allowing 5 cc. of the filtrate acidified with 
0.5 cc. of 5 N H.SO, to stand with 0.8 cc. of 4 per cent NaNO; for 10 min. 
utes at room temperature, or by brief heating. The red color produced 
by certain amino compounds is not diminished by this treatment, but 
usually increases. The majority of the filtrates were submitted to this 
treatment to determine whether the red color normally present affected 
the readings at 640 to 650 my. In all cases in which the filtrates were 
subjected to nitrous acid the green color was abolished, while a slight but 
variable residue of red remained. These filtrates when read at 640 to 
650 my gave values as low as or lower than the reagent blank. 


Pyruvic Acid 


The amount of color absorption at 640 to 650 my that remained in the 
acidified and heated filtrates was investigated as a possible index of pym- 
vic acid content. 

It was first found that pyruvic acid solutions were affected by standing 
at room temperature with the alkaline buffer, so that precautions were 


needed to have the buffers and the filtrates cold and to avoid long standing. 


It was also found that pyruvic acid was more susceptible than aceto- 
acetic acid to inhibitors of the diazo reaction, particularly copper, present 
in the reagents. This can be detected in the calibration curve, 5 to 801 
being used; the lowest amount, 5 y, will be largely inhibited. For the 
standards, pyruvic acid was redistilled in vacuo and kept in the froz 
state at —8°. 

Having obtained satisfactory calibration curves, we found, in accord: 
ance with Bueding and Wortis (10), who employed the hydrazone tech 
nique, that the pyruvic acid content of whole blood decreases on standing 
It was not desirable to use iodoacetate, recommenced by these author 
as a stabilizing agent, as this compound affected the color intensities 
our procedure. 

Bueding and Wortis report satisfactory pyruvic acid determinations upd 
cerebrospinal fluid; we have likewise found that reproducible results up 
blood plasma could be obtained, with good recovery of added pyruvate. 
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pre- | The blood samples were immediately chilled in ice water, and briefly 
wer centrifuged while cold. Whether any changes in plasma pyruvate occurred 

during this procedure is not known. The results of experiments upon the 
han recovery of pyruvate added to plasma of several species are shown in 
ogyi Table III. These experiments illustrate that under certain conditions 
r in it may be possible to obtain simultaneous values for acetoacetic and pyruvic 


y of acids with the procedure. 
Satisfactory recovery has not occurred following the addition of pyruvic 





























0 to acid to whole blood, and for this reason no results upon whole blood are 
with reported. 
min- 
uced Tasie III 
a | Recovery of Pyruvie Acid Added to Plasma of Several Species 
g 
Cc i Tuvic : P vaste 
oa a sd 
b but | t 
| vy perce. | vy per cc. y perce. | vy per ce. 
0 to Guinea pig 23 Rabbit 19.3 
10 31.5 10 29 
20 39 20 38.5 
30 50 30 49.5 
n the Rat 1 17.8 Human 1 ll 
10 27.5 20 32.5 
pym: 30 46.7 “ 9 11.5 
2 19.2 20 30 
nding 10 30 wg 8 
were 20 37 13.3 19 
ding, | 30 45.5 4 13 
aceto- aa. 18 
resent 
» 801 SUMMARY 
or the ; ; 
bre A colorimetric method for the estimation of acetoacetic and certain 
closely related 6-keto acids in small quantities of blood is described. 
cont | Under certain conditions a simultaneous estimate of the pyruvic acid 
tech | content may be obtained from the procedure. 
nding | The method in its present form is not applicable to tissues or urine. 
uthors 
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THE SYNTHESIS OF GLUTATHIONE IN ISOLATED LIVER* 


By KONRAD BLOCH 


(From the Department of Biochemistry and the Institute of Radiobiology and Biophysics, 
University of Chicago, Chicago) 


(Received for publication, March 18, 1949) 


The mechanism which is responsible for the formation of individual 
peptide bonds in biological systems has so far remained obscure. There 
has as yet been no successful demonstration of an in vitro enzymatic syn- 
thesis of a simple peptide composed of natural amino acids. Various 
investigators have approached this problem by employing model sub- 
stances which contain a CO—NH linkage but differ from natural peptides 
in that either the carboxylic or amino component or both are not a-amino 
acids. This is true for the acyl peptides studied by Bergmann and Behrens 
(1) and also for acetylsulfanilamide (2), p-aminohippuric acid (3), hippuric 
acid (4), and glutamine (5). In all these cases the enzymatic formation 
of peptide bonds has been demonstrated. The incorporation of amino 
acids into the proteins of isolated tissues has recently been investigated 
with the aid of isotopic tracers (6-9), but experiments of this type do not 
lend themselves readily to a study of the mechanisms involved in the for- 
mation of individual peptide bonds. 

We have previously reported the formation of glutathione from its 
constituent amino acids in rat liver slices (10). It was felt that gluta- 
thione was particularly suited to the study of peptide bond synthesis, 
because no other peptide is obtainable with comparable ease and purity 
from small amounts of animal tissues. These experiments dealing with 
the in vitro synthesis of glutathione were originally undertaken to test the 
hypothesis that N-acetylamino acids which appear to be intermediates 
in the normal metabolism of amino acids (11) might be concerned in pep- 
tide synthesis (12-14). Experiments with liver slices yielded inconclusive 
results in that glycine and N-acetylglycine were utilized equally well for 
glutathione formation. 

In the course of attempts to differentiate between the behavior of the 
free amino acid and its acetyl derivative it was observed that glutathione 
synthesis proceeds readily in liver homogenates. In this system acetyl- 
glycine, in contrast to glycine, proved to be ineffective. This report 
describes some experiments which have been carried out to study the con- 


*Aided in part by a grant from the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chicago. Presented in part before the Division of Bio- 
logical Chemistry of the American Chemical Society at Chicago, April, 1948. 
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ditions associated with the formation of glutathione in these broken cel] 
preparations. 


EXPERIMENTAL 


Synthesis of Isotopic Amino Acids—Glycine and pt-glutamic acid 
labeled with N' were prepared as described by Schoenheimer and Ratner 
(15). The amino acids contained 31.5 atom per cent excess N*. 


C™-Glycine—Carboxyl-labeled glycine was synthesized by the following © 


series of reactions: 





(1) cH,c“ook —CHCOBr .  oH,cuoBr 

(2) CH,C“OBr + Br. —— BrCH.C“OBr + HBr 
(3) BrCH.C“OBr + H.O —— BrCH:C“OOH + HBr 
(4) BrCH:C“OOH + NH; —— NH:.CH.C“OOH + HBr 


CH;C“OOH was prepared by the interaction of CH;MgBr with C0, | 


Anhydrous potassium acetate was heated with benzoyl bromide in the 
presence of benzoic acid to yield acetyl bromide as described by Anker 
(16). The acetyl bromide was collected in an ice-cooled flask and 1 
moles of bromine per mole of acetyl bromide were added slowly. The 
mixture was warmed and heated on a steam bath for 13 hours and then 
freed of excess bromine and of HBr by a stream of nitrogen. An excess d 
water was added dropwise to the ice-cooled bromoacetyl bromide. The 
clear aqueous solution of bromoacetic acid was then added to a volume d 
concentrated NH; containing 70 m excess. The solution was kept at room 
temperature for several hours and then evaporated in vacuo to dryness. 
The residue was dissolved in a small volume of water and the glycine pre 
cipitated by addition of 4 volumes of methanol. The yield after one 
recrystallization from water-ethanol was 55 to 60 per cent, based on the 
potassium acetate used. The radioactivity of the glycine was 100,00) 
counts per minute counted as an infinitely thick sample after conversia 
to BaCOs. 

This method for the preparation of carbon-labeled glycine has bea 
found to be more convenient and to give higher yields than that describel 
in the literature (17). Little handling of the radioactive intermediates * 
necessary and after the distillation of acetyl bromide all further operation 
can be carried out in the same flask. 

Acetylglycine was prepared either from C"-glycine or N"-glycine & 
previously described (18). 

Incubation Experiments—In the experiments with intact tissue (Table! 
Experiments 1 to 3) 1.5 gm. of liver slices were suspended in a mediumd 
the following composition: labeled glycine or acetylglycine 0.01 m, Krebs 
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phosphate buffer of pH 7.4, and 25 mg. of carrier glutathione. The total 
volume per flask was 20 ml. 

The liver homogenates were prepared by dispersing pigeon liver in a 
Waring blendor in a medium of the following composition: phosphate 
buffer of pH 7.4 0.05 m, KCl 0.03 m, MgSO, 0.0024 m, glutamic acid 0.01 
M, cysteine 0.003 m, C'-glycine 0.016 m, and 25 mg. of carrier glutathione. 
The homogenates contained 1.6 gm. of pigeon liver in a total volume of 
20 ml. The final pH was 7.4, and the time of incubation 1 hour. 

The medium in Experiment 1, Table IV, contained N™-glutamic acid 
instead of non-isotopic glutamic acid. The molar ratio of C-glycine to 
N®-glutamic acid was 1:1. In Experiment 2, Table IV, there were added 
C-glycine 0.016 mM, N®-NH,Cl 0.008 m, and non-isotopic glutamic acid 
0.016 m. 

Isolation of Glutathione—25 mg. of non-isotopic glutathione per flask 
were added to the incubation medium in order to facilitate the isolation 
of isotopic glutathione in quantities sufficient for purification and isotope 
analysis. No differences in the isotope concentration of glutathione were 
observed whether the carrier was added before or after incubation. After 
incubation the reaction mixture was deproteinized with trichloroacetic 
acid and glutathione was precipitated first as the cadmium salt and then 
as the cuprous mercaptide as described by Waelsch and Rittenberg (19). 
The purity of the glutathione samples which were obtained from the 
experiments with amino acids labeled by N™ was checked by determination 
of Kjeldahl nitrogen. The majority of the glutathione samples which 
contained C“ were redissolved by the addition of an excess of cuprous 
oxide and reprecipitated by aeration (20). This treatment did not change 
the isotope concentration in the mercaptides, indicating that the product 
obtained in the first precipitation with cuprous oxide was pure. Repre- 
cipitation of glutathione containing C™“ in the presence of non-isotopic 
glycine likewise failed to depress the isotope concentration. 

Glutathione formed in homogenates in the presence of C™-glycine con- 
tained isotopic carbon only in the glycine moiety, as shown by the follow- 
ing experiment. 100 mg. of glutathione, with a C™“ content of 151 counts 
per minute as an infinitely thick sample after combustion to barium car- 
bonate, were hydrolyzed by refluxing with 20 per cent HCl for 8 hours. 
Glutamic acid was isolated from the hydrolysate as the hydrochloride, 
cysteine as the cuprous mercaptide, and glycine in the form of its tolu- 
enesulfonyl derivative. No radioactivity was detectable in the glutamic 
acid and in cysteine. The C* content of the toluenesulfonylglycine was 
171 counts per minute as compared to 167 counts calculated from the 
C™ content of glutathione. The radioactivity of glutathione therefore re- 
sided exclusively in the glycine moiety of the peptide. 

The quantity of glutathione (in mg.) which is newly synthesized (x) 
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can be calculated from the specific activity (Co) of the C'-glycine added, 
the specific activity (C) of glycine carbon in the isolated glutathione, and 
the sum of glutathione (in mg.) originally present in the tissue (G;) and 
carrier glutathione added (G:). 


pw OG + G2) 


Co (1) 


This involves the assumption that the added isotopic glycine is not signif- 
icantly diluted by glycine from the tissues. That this is the case is shown 
by the observation that doubling the molarity of isotopic glycine in the 
incubation medium did not raise the isotope concentration of glutathione, 
Since the amount of carrier glutathione was always much larger (10 to 15 
times) than the tissue glutathione, fluctuation in the original glutathione 
content of the tissues will introduce only a small error in the calculation 
of x. Glutathione determined iodometrically (21) in aliquot samples of 
the tissue used for incubation was found to vary from 1.3 to 1.7 mg. per 
gm. of wet tissue. An average value of 1.5 mg. for G, was used for the 
calculation of the quantities of newly synthesized glutathione according 
to equation (1). 

No attempt has been made to determine in the present experiments 
whether the total quantity of glutathione increases. It is conceivable 
that concurrently with its formation glutathione is also being removed and 
in this case the total quantity of glutathione may remain unchanged during 
the experimental period. The possibility that there is a considerable net 
decrease of glutathione during incubation of the homogenates under our 
conditions has been ruled out by the finding that the isotope concentra- 
tions in glutathione are the same whether the carrier glutathione is added 
before or after incubation! and by glutathione determinations in controls 
before and after incubation. 

Isotope Analyses—The amino acids and glutathione samples which con- 
tained N™® were digested by the Kjeldahl procedure and the ammonia 
converted to nitrogen for mass spectrometric analysis as described by 
Rittenberg et al. (22). For C analysis the compounds were burned in a 
micro combustion apparatus and carbon dioxide precipitated as barium 
carbonate. The C“ content of the barium carbonate samples was meas- 
ured with a thin window Geiger-Miiller counter by the procedure of 
Reid (23). Samples were counted for a sufficient length of time to insure 
less than 5 per cent probable error. The C* values are given, unless stated 
otherwise, as counts of C“ per minute of BaCO; samples corrected for 
infinite thickness. 


‘Unpublished results by R. B. Johnston} 
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DISCUSSION 


It has been shown previously that in rat liver slices isotopic nitrogen 
from labeled glycine and N-acetylglycine is incorporated into glutathione 
at a similar rate (10). On the basis of these results it could not be decided 
whether acetylation of the amino acid was a preliminary step in the for- 
mation of glutathione. Equivocal results are to be expected from experi- 
ments with liver slices, since both the acetylation of amino acids and the 
hydrolysis of the acetyl derivatives take place under these conditions (11). 
That acetylation does not precede the incorporation of glycine into pep- 


TaBie I 


Aerobic Formation of Glutathione from Labeled Amino Acids in Isolated Liver 
The composition of the incubation medium is described in the experimental 
part. 












| l 
| Relative isotope concen- 
| tration in giutathione*® 














} } 
| Tissue | Time | rateleg | Labeled 
| glycine — 
| added added 
| hrs. 
4 Rat liver slices a 0.64 0.22 
— ** - 1 1.04 0.90 
2 gil - | * 1.76 1.2 
a Pigeon liver slices 1 0.52 1.4 
ia = ** homogenates 1 1.89 0.23 
a. " * “ | 1 1.89 0.15 
vs = ee 1 5 BY 0.06 





* Atom per cent excess N™ or specific activity (C™) in glycine moiety calculated 
for 100 atom per cent excess N™ and a specific activity of 100 respectively in labeled 
amino acid added. In Experiments 1 to 4 the amino acids were labeled by N™,in 
Experiment 5 by C™. 


tide linkages is suggested by experiments of shorter duration in which 
glycine gave rise to significantly higher isotope concentrations in glu- 
tathione than did acetylglycine (Table I). In these cases acetylglycine 
is evidently not used as such but only after conversion to the free amino 
acid, The rate of splitting of the acetyl derivative therefore appears to be 
slightly slower than the rate of glycine entrance into glutathione.? This 
difference in reactivity of glycine and acetylglycine is accentuated when 


*In one experiment with pigeon liver slices considerably more isotope was in- 
corporated into glutathione from acetylglycine than from glycine (Experiment 3 
Table I). Because of the results obtained subsequently with homogenates, this 
observation was not further investigated. 
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the same process is studied in pigeon liver homogenates. In this system 
the utilization of acetylglycine for glutathione synthesis is very small 
(Table I, Experiments 4 and 5) while isotopic glycine is incorporated at g 
rate comparable to that occurring in intact slices. It is evident therefore 
that in the formation of the cysteinylglycine moiety of glutathione N. 
acetylglycine is not an intermediate and that in this case at least the N- 
acetylamino acid does not take part in the formation of the peptide bond, 
Results by Simmonds, Tatum, and Fruton (24) on the utilization of acety!- 
amino acids by Neurospora mutants and those by Cohen and McGilvery 
(3) on the formation of p-aminohippuric acid have led these authors to the 


same conclusion. It is worthy of note that the enzyme system which | 
converts the N-acetyl derivative to the free amino acid appears to be | 


almost completely inactivated by homogenization of the liver tissue. 

As is shown by the data in Table I the rate of aerobic glutathione syn- 
thesis in pigeon liver homogenates, measured by the incorporation of iso- 
topic glycine, is of the same order of magnitude as that in intact slices, 
While the variations in duplicate experiments with aliquots of the same 
liver homogenate never exceeded 10 per cent, the rate of glutathione syn- 
thesis was found to fluctuate considerably with tissue from different 
animals. A total of fourteen experiments was carried out to determine 
the formation of glutathione under aerobic conditions. In nine of these 
the newly synthesized glutathione, calculated from the incorporation of 
glycine carbon, amounted to 0.2 to 0.4 mg. per gm. of liver per hour. 
The rate of synthesis was materially lower in three experiments (0.04, 
0.08, and 0.09 mg.) and greater (0.75 and 1.5 mg.) in two cases. Since 
changes in the quantities of glutathione during incubation were not de 
termined, it is not possible to state whether the incorporation of isotopic 
carbon results in an increase in the total quantity of the tripeptide. 

The stimulating effect of adenosine triphosphate on the rate of glu- 
tathione formation is shown in Tables II and III and Fig.1. The accelera- 
tion by adenosine triphosphate is optimal at a molarity of 5 & 10~ and 
is reversed at higher concentrations. The data indicate a participation of 
adenosine triphosphate in the formation of the peptide linkages in gluta 
thione, though it is not clear in what manner adenosine triphosphate 
enters into the synthetic process. 2,4-Dinitrophenol has been reported 
to block phosphorylations without affecting respiration (25-27). hh 
accord with these findings, dinitrophenol was found to interfere markedly 
with glutathione formation. It should be noted, however, that the i 
hibitor was effective only in relatively high concentrations (4 X 10~ w). 
The results obtained on addition of succinate, fumarate, or malonate 
(Table III) confirm the impression that the entrance of glycine inte 
peptide linkage is associated with energy-yielding reactions. 
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Effect of Adenosine Triphosphate on Incorporation of C'-Glycine into Glutathione 
in Pigeon Liver Homogenates 











Experiment Gas phase ATP added C¥ in glutathione manna 0 

M counts per min. Y 

I Oz 46, 47 62, 64 
N: ll 15 

“ 1x 10° 38, 33 51, 46 
II O: 127 180 

N2 6.5, 3.7 9,5 

= x if 33, 30 46, 41 
III N: 24 32 
a 1 X 10°° 64 86 
IV O: 416 670 
N: 65 106 
io 5 X 10-¢ 110 179 
V Os 235 381 
an 5 X 10-* 782 1267 
Ns; 140 227 
Be 5 X 10-4 132 214 
VI O: 858 1390 
= 7X 10° 1656 2683 
Ne 230 372 
*e 7X16 297 481 

















Each flask contained 1.6 gm. of liver, amino acids, and buffer as described in the 
experimental part; total volume per flask, 20 ml.; incubated for 1 hour at 37°. 


COUNTS C'* IN GLUTATHIONE 








0 





| 6 


8 


ATP x10 


Fig. 1. Effect of adenosine triphosphate on the incorporation of C'-glycine into 
glutathione in pigeon liver homogenates. Each flask contained 1.6 gm. of liver, 
amino acids, and buffer as described in the experimental part; total volume per 
flask, 20 ml.; incubated for 1 hour in oxygen at 37°. 


lo 12 


14 











1252 SYNTHESIS OF GLUTATHIONE IN LIVER 


The incorporation of glycine into glutathione is reduced to much lower, 
though still significant, levels under anaerobic conditions. In eight experi- 
ments in which glutathione formation in the presence of oxygen and in 
nitrogen was compared, the average value for anaerobic synthesis was 
17 per cent of that found under the aerobic conditions. In a number of 
experiments the level of anaerobic synthesis was substantially raised by 
the addition of adenosine triphosphate. However, it was not possible 
to reproduce this effect with regularity. Under anaerobic conditions 
adenosine triphosphate was without effect in two experiments out of 
six (Table II) and was sometimes inhibitory at higher concentrations, 


TaB_e III 
Effect of Metabolites and Inhibitors on Incorporation of C'4-Glycine into Glutathione 
in Pigeon Liver Homogenates 


1.6 gm. of rat liver per flask. Total volume, 20 ml.; composition of medium ag 
described in the experimental part; incubated at 37° in oxygen for 1 hour. 





Additions | Molarity | C¥ in glutathione® 
| 














| | Counts per min 


ER TS Geen eee + ae a en 100 
Adenosine triphosphate................... ree ee 313 
NT EE CLTEEEEET Ce Dg. tz 1x 10°? 264 
EE 0 ee ee en ee ee ix | 250 
OS Ee 1 X 10°? 77 
Glutamic acid omitted............................ 25 
IIIS Jotnisid clon bnd urns s dig ats oe veain ome 33 
RE AES. At = S505 050% Sistivelicesocrcl eae - 4 39 
2,4-Dinitrophenol.......... ebieSand | 396 105 

“f dies Wier eine sid ae wis oer ete 4X 10-4 10 





\ | 


*Since the activities of different homogenates varied considerably, the data, 
which are taken from different series, were recalculated for a relative activity of 
100 counts of C™ in the control experiment. 





The reason for the occasional failure of adenosine triphosphate to stimu- 
late glutathione synthesis anaerobically has so far remained obscure. 
The synthesis of glutathione from the constituent amino acids must involve 
at least two steps and it is conceivable that only one of these is dependent 
on the supply of phosphate bond energy. The effect of adenosine tr- 
phosphate may therefore become evident only when the supply of other 
endogenous factors is adequate for the synthesis of the entire molecule. 

The majority of the experiments which are reported here have been 
concerned with the incorporation of glycine into glutathione, but evidence 
has also been obtained to indicate that the processes under investigation 
include a replacement of glutamic acid residues in the tripeptide. The 
data in Table IV show the incorporation into glutathione of C“ and N* 


‘ 
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er, froma medium in which C™-glycine and N"-p1t-glutamic acid were present 
ri- jn equimolar quantities. Under these conditions the uptake of glycine 
in carbon into glutathione is more than twice that of nitrogen from glutamic 
‘ag. _—s acid. +Since the isotopic glutamic acid used was in the racemic form, and 
of since it can be assumed that only the Lt isomer is directly employed in 
by peptide synthesis, the molar concentration of glutamic acid was in effect 
ble only one-half that of glycine. Moreover, the liver preparation presumably 
ms contains glutamic acid dehydrogenase (28) and a replacement of the 
of isotopic nitrogen in glutamic acid by ordinary nitrogen would be expected 
ns. | to result from the action of this enzyme. In this case the N™ concentra- 

tion in glutathione would not be a true measure of the rate of entrance of 

glutamic acid into the tripeptide. The reversible deamination of glu- 
oe | tamic acid under these conditions becomes evident from an experiment 


as TaBLe IV 
Formation of Glutathione in Pigeon Liver Homogenates 





Relative isotope concentrations 











= Isotopic additions in glutathione 
cue Nt 
C4.Glycine and N™-glutamic acid................. 1.40 0.60 
1.34 | 0.43 
= and N"-ammonium chloride.......... 1.76 | 0.48 





* Specific activity of glycine moiety calculated for a specific activity of 100 in 
the glycine added. 

t Atom per cent excess N¥ in glutamic acid moiety calculated for 100 atom per 
cent excess N™ in glutamic acid or NH,Cl added. Each flask contained 1.6 gm. 
of liver, amino acids, and buffer as described in the experimental part; total vol- 


ume per flask, 20 ml.; incubated for 1 hour in oxygen at 37°. 
ata, 


(of with N“H,Cl in addition to C%-glycine and non-isotopic glutamic acid. 


Glutamic acid was isolated after hydrolysis of glutathione and found 
to contain roughly the same isotope concentration as in the experiment 


a with added N"-glutamic acid, showing that amination of ketoglutaric 
ad acid must have occurred. 

a It is also possible that the introduction of N™ from labeled ammonia 
be. observed here is the result of a reversible deamination of the glutamyl 
wat residue in glutathione itself. Nevertheless it appears likely that the 
ans o process under investigation involves the renewal of both the glutamyl- 
pen | cysteine and cysteinylglycine linkages in the glutathione molecule. 

nce SUMMARY 

: 1. Incubation of liver slices and homogenates in the presence of C*- 


glycine or N¥-glutamic acid results in the formation of labeled glutathione, 


715 
NY demonstrating the synthesis of the tripeptide under in vitro conditions. 
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2. N-Acetylglycine is utilized for glutathione formation in liver slices 
but not in liver homogenates. This eliminates the acetyl derivative as 
an intermediate in the synthetic process. 

3. Adenosine triphosphate markedly accelerates the aerobic synthesis 
of glutathione in liver homogenates. This stimulation by adenosine tri. 
phosphate was observed also under anaerobic conditions but could not 
always be reproduced. 

4. A method for the synthesis of glycine labeled by isotopic carbon is 
described. 


The author is indebted to Mr. W. Kramer for valuable assistance in the 
course of this work. 
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A STUDY OF THE CHEMICAL ORIGINS OF GLYCOGEN BY USE 
OF C4¥-LABELED CARBON DIOXIDE, ACETATE, . 
AND PYRUVATE* 


By YALE J. TOPPER anp A. BAIRD HASTINGS 


(From the Department of Biological Chemistry, Harvard Medical School, 
Boston) 


(Received for publication, February 23, 1949) 


The problem of the source of the carbons of liver glycogen has com- 
manded the attention of biochemists for several years (1, 2). It is the 
purpose of the present paper to provide quantitative data on the relative 
proportions of the glycogen carbons which were originally the a-carbons 
of pyruvate molecules.. 

Following the demonstration by Lardy and Ziegler (3) that phosphory- 
lation of pyruvate to phosphopyruvate can proceed directly in the pres- 
ence of potassium ions, the necessity for postulating the formation of 
phosphomalate and phosphooxalacetate as intermediates in the formation 
of phosphopyruvate has been removed (4, 5). However, the question 
of the relative proportion of pyruvate molecules which enter the dicar- 
boxylic acid shuttle before phosphorylation compared with those which 
are phosphorylated directly has not been previously determined. Our 
experiments provide evidence on this question. However, they shed no 
light on the question of whether phosphorylation of dicarboxylic acids 
can or does occur. 

If one employs a-labeled pyruvate (CH;C“OCOOH) as substrate and 
determines the position and relative concentration of C“ in the glucose 
units of glycogen, one would expect to find C concentrated in C-2 and 
C-5 of the glucose carbon chain if pyruvate molecules are phosphorylated 
directly. If C“ should be symmetrically placed in C-1, C-2, C-5, and 
C-6, then one may conclude that half of the a-C-labeled oxalacetate had 
been converted into 6-C-labeled oxalacetate through equilibration with 
the symmetrical dicarboxylic acids, fumaric and succinic. 

The experiments to be described provide evidence that carboxylation 
of pyruvate and equilibration of oxalacetate with the symmetrical dicar- 
boxylic acids do occur more rapidly than does direct phosphorylation of 
pyruvate. 

EXPERIMENTAL 


| Labeled glycogen was prepared by incubating rabbit liver slices in vitro 
in & potassium-rich medium with pyruvate as substrate according to the 


*This work was supported in part by a contract between Harvard University 
and the Office of Naval Research and the Atomic Energy Commission. 
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method previously described (6). Experiments were carried out in the 
presence of NaHCO, carboxyl-labeled acetate (CH;C“OOH), and car. 
bonyl-labeled pyruvate (CH;C“OCOOH). 


General Scheme for Degradation of Glucose 








CHO 
H—C—OH CHO 
HO—C—H HO—C—H 
a 
H—C—OH degradation HCN + H—C—0OH 
(C-1) | 
H—C—OH H—C—OH 
| 
H—C—OH H—C—OH 
| (O) | 
H H 
Wohl 
[0 as, 
CH,0 (), CO; COs HCN SS, COs | 
(C-6) (C-6) (C-1) (C-2) (C-2) | 
gt spevrgiese | 
C=NNHC.H; 
HO—C—H 
H—C—OH (C-1) H—C=NNHC.Hs 
soiciegiioahiscess H,IO. 
spammer A090 C=NNHC,H, + 2HCOOH + CH,0 
H—C—OH | (C-4,C-5) (C4) 
vamenee! te abi (C-3) H—C=0 
|o 
H—C—OH 
| 2CO; 
H (C-4, C-5) 


Wood, Lifson, and Lorber (7), in experiments on the synthesis of liver 
glycogen by rats, developed a method for degrading glucose in order to 
determine the position of the isotopic carbon in the molecule. For the 


present investigation, the mode of degradation shown in the accom- | 


panying diagram was developed and used. 


Hydrolysis of Glycogen—In a small flask fitted with a reflux condenser, | 
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420 mg. of glycogen suspended in 3 ml. of 1 N sulfuric acid were heated at 
100° for2 hours. The solution was then cooled, diluted with 5 ml. of water, 
and neutralized with a saturated barium hydroxide solution. The super- 
natant liquid obtained after centrifugation was analyzed for its glucose 
content according to the method of Folin (8). 

Two Successive Wohl Degradations of Glucose; Isolation of C-1 and C-2— 
An aliquot of the glucose solution (glycogen hydrolysate) containing 300 
mg. of glucose was evaporated to dryness in vacuo. To the residue was 
added 0.22 gm. of hydroxylamine acetate plus 0.40 ml. of glacial acetic 
acid, and the mixture was heated at 100° for 15 minutes. After cooling, 
0.25 ml. of acetic anhydride was added to the solution; heating at 100° 
was resumed for 18 minutes. When the solution had been cooled to room 
temperature, it was seeded with glucononitrile; at the end of 12 hours the 
precipitate was filtered by suction, washed four times with 0.1 ml. portions 
of a 2:1 acetone-glacial acetic acid solution, four times with 0.1 ml. por- 
tions of a 9:1 acetone-glacial acetic solution, similarly with acetone, and 
finally with ether. 80 mg. of glucononitrile were obtained, m.p. 146°. 

80 mg. of glucononitrile were dissolved in 3 ml. of water and nitrogen 
was passed through the resulting solution, which was maintained at 85° 
in a water bath; the emerging gases were bubbled into a solution of silver 
nitrate. Decomposition was complete in about 2 hours, as evidenced 
by cessation of precipitation of silver cyanide (C-1). The cyanide was 
converted to CO:2 and the radioactivity of C-1 determined as BaC™Qs. 

The aqueous solution containing the arabinose formed in the first deg- 
radation was evaporated to dryness in vacuo. The residue, which had 
crystallized after remaining in the vacuum desiccator for 24 hours, was 
converted to arabononitrile by using 0.05 gm. of hydroxylamine acetate, 
0.05 ml. of glacial acetic acid, and 0.05 ml. of acetic anhydride, in sequence 
as described for glucononitrile. 2 ml. of water were added to the arab- 
ononitrile solution and decomposition was effected as described for glu- 
cononitrile. At the end of 7 hours, 9 mg. of silver cyanide containing C-2 
were obtained. The cyanide was converted to CO, and the radioactivity 
of C-2 determined as BaC™O. 

Isolation of C-6—18 mg. of glucose, contained in an aliquot of the 
glycogen hydrolysate solution, were oxidized according to the procedure 
described by Reeves (9). However, instead of isolating the formaldehyde 
as the dimedon derivative, the following method was employed. When 
the yellow color had disappeared after the addition of the sodium arsenite 
reagent, the solution was made alkaline to phenol red by the addition of 
1 N sodium hydroxide, and was distilled until crystals began to form in the 
distillation flask; the distillate was cooled in an ice-salt bath. Then 
0.5 gm. of potassium permanganate was added to the distillate, and the 
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latter was refluxed while a slow stream of nitrogen was bubbled through 
the solution. The emerging gases were passed into a solution of saturated 
barium hydroxide. 5 to 10 mg. of barium carbonate were obtained from 
the carbon dioxide, which, in turn, had been derived from the formaldehyde, 
representing C-6. The radioactivity of C-6 was determined by counting 
the BaC"Os. 

Oxidation of Glucosazone—The osazone of the labeled glucose was pre- 
pared by the usual procedure and counted as such. A portion was then 
oxidized to the 3-carbon osazone by periodate. This oxidation, as origi- 
nally described (10), was carried out in acid solution. However, it was 
desirable, in this case, to carry out the reaction in alkaline solution, a 
condition under which formaldehyde is obtained quantitatively from glu- 
cose (9). In this way the formic acid, representing C-4 and C-5, would 
not be contaminated with material derived from the oxidation of formal- 
dehyde (C-6). 

50 mg. of glucosazone were dissolved in 20 ml. of 66 per cent ethanol, 
the solution was cooled to 30°, 1.38 ml. of 1 N sodium bicarbonate were 
added, and, finally, 1.38 ml. of 0.3 mM paraperiodic acid reagent were intro- 
duced. An orange-yellow precipitate was formed almost immediately; 
after 15 minutes the mixture was centrifuged. The precipitate, 1 ,2-bis- 
phenylhydrazone of mesoxalaldehyde, after being recrystallized from 66 
per cent ethanol, was counted as such. To the filtrate containing formic 
acid derived from C-4 and C-5, 1.38 ml. of 1.2 m sodium arsenite solution 
and 2.1 ml. of 1 N hydrochloric acid were added, and after the red color 
had disappeared the solution was made slightly acid to Congo red by the 
addition of sodium hydroxide. Carbon dioxide was driven out of the 
system by passing a stream of nitrogen through the solution while the 
latter was refluxing, and then 1 gm. of mercuric oxide was added to oxidize 
formic acid to carbon dioxide (formaldehyde is not oxidized by mercuric 
oxide under similar conditions). The CO, thus obtained, representing 
C-4 and C-5, was counted as BaC™Q;. 


Resulis and Comment 


Relative Radioactivities of Glucose Carbons from (a) NaHCO; and (}) 
CH;C“OONa—The results of the determinations of the radioactivities of 
the several carbon fractions derived from the labeled glucose containing 
C from C“O, or CH;C“OONa are presented in Table I. These data 
serve a twofold purpose: (1) the calculation of a conversion factor to 
permit the comparison of measurements of BaC“O; and C-labeled osa- 
zones, and (2) the determination of the positions of the C™ in the glucose 
unit in these experiments. 

If it were possible to isolate each carbon in the glucose molecule, the 
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determination of their relative activities would be straightforward. How- 
ever, in the degradation described, only C-1, C-2, and C-6 are counted 
individually in the form of BaCO;. The activities of C-3, C-4, and C-5, 


_ on the other hand, have been calculated from the measurements of C-1 


and C-2 as BaC™Os, of C-1 through C-6 as glucosazone, and of C-1 through 
C-3 as 1,2-bisphenylhydrazone of mesoxalaldehyde. 

The two osazones have almost identical average atomic numbers; con- 
sequently, their activities should be directly comparable. BaCO; has 


TaBie I 
Radioactivity* of Fractions Obtained from Degradation of Glucose 








Counts 

— Substrate Fraction rad eae -g 
No. compound 
1 |C“O, + CH,COCOOH A. Glucosazone 16,198 
B. 3-Carbon osazone 8,332 

C. (BaCO,) C-l 0 

D. - C-2 0 

E. = C-4,C-5 5,772 

F. . C-6 0 

G. BaCO, from glucose 3,665 

2 |C“O, + CH,COCOOH A. Glucosazone 16,204 
B. 3-Carbon osazone 8,036 

C. (BaCOQ;) C-l 0 

D. ™ C-2 0 

E. ™ C-4,C-5 5,392 

F. - C-6 0 

G. BaCO; from glucose 3,570 

3 |CH,C“OONa + CH;COCOOH A. Glucosazone 7,380 
B. 3-Carbon osazone 3,870 

C. (BaCO,) C-1 0 

D. ° C-2 0 

E. ’ C-4,C-5 2,496 

F. C-6 0 

G. BaCO; from glucose 1,650 














* The probable error in individual counts is 2 per cent. 


a much higher average atomic number than the osazones; consequently, 
the former will produce more back-scattering and will have a higher ap- 
parent activity. Therefore, in order to compare the activities of the 
various BaCO; fractions with those of the osazones, a conversion factor 
was experimentally determined. Glycogen was prepared by incubating 
rabbit liver slices with pyruvate in the presence of C“O, or CH;C“OONa. 
The glucose containing isotopic carbon, derived from the glycogen, was 
degraded and comparison made between the osazone and BaCO, activi- 
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ties. The results of our experiments are shown in Table II. On the prem- 
ise that isotopic carbon is equally distributed between C-3 and C-4 of 
the glucose molecule (7), the activity per mm of glucosazone Fraction A 
should be twice that of the 3-carbon osazone Fraction B; moreover, the 
activity of the C-4,C-5 Fraction E should be 3/2 that of the BaCo, 
Fraction G, derived from the combustion of glucose. As shown in the 
second and third columns of Table II, these relations were found to obtain, 

Although the activities of the two osazones were directly comparable, 
as were those of the various BaCO; fractions, the former were not directly 
comparable with the latter. Thus, if the degree of back-scattering of the 
osazones was the same as that of BaCO;, Fraction B would be twice 
Fraction E. However, the BaCO; activities exceed those predicted from 
the osazone activities by approximately 34 per cent (Column 4, Table II), 
In subsequent experiments with carboxyl-labeled pyruvate, the osazone 

















Tas_e II 
Interrelationships of Activities of Various Fractions 
Fraction A Fraction E 2 X Fraction E 
Experiment No. Fraction B Fraction G Fraction B 
1 1.94 1.57 1.38 
2 2.02 1.51 1.34 
3 1.91 1.51 1.29 














counts have, therefore, been multiplied by 1.34 in computing the relative 
activities of the glycogen carbons in order to make them comparable with 
the BaCO; counts. 
A sample calculation from Experiment 4 follows. 
Direct Activity Measurements of C-1, C-2, and C-6 


counts per min. per mM 


C-1 (BaCO;) 254 (C-1) 
C-2 7 273 (C-2) 
C-6 = 265 (C-6) 


Calculation of Activities of C-8,C-4, and C-5 


counts per min. per mM 





1. Measured activity of 3-carbon osazone 629 
Activity of 3-carbon fraction calculated from glucosazone, = = 712 
Average activity, ad as ss = 670 

2. 3-Carbon fraction activity corrected to BaCO, activity, 670 X 1.34 = 898 

3. Activity of C-3 = 
3-Carbon fraction activity minus (C-1 activity + C-2 activity) = 

898 — (254 + 273) = 371 (C-3) 
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counts per min. per mu 


4. Assume activity of C-4 = activity of C-3 = 371 (C-4) 
5. Average measured activity of C-4 + C-5 = 350 
Activity of C-4 + C-5, 350 X 2 = 700 

« © ©-5, 700 — 371 = 329 (C-5) 


From the measured and calculated activities of C-1 through C-6, the 
relative C™ activities of the glucose carbons may be calculated. 

The data in Table I indicate that the C™ incorporated in the glucose 
molecule, prepared in vitro as described, and derived from C™“O, or from 
CH;C“OONa, is present in C-3 and C-4, is not detectable in C-1, C-2, 
and C-6, and is probably not present in C-5. Wood et al. (7, 11), using 
C30, and CH;C"OONa in vivo, have reported that only glucose carbons 
3 and 4 contained isotopic carbon, although the distribution of the isotope 
between these two positions was not indicated unequivocally. In a recent 
foot-note, Lifson, Lorber, Sakami, and Wood (12) have stated that, in 
glycogen produced in vivo, a trace (1 to 2 per cent) of C“O, does appear 
in carbons 1, 2, 5, and 6. 

Relative Radioactivities of Glucose Carbons from CH;C“OCOONa—The 
data on the distribution of isotopic carbon in glucose which have been 
derived from CH;C“OCOOH are given in Table III. It is to be noted that, 
with carbonyl-labeled pyruvate (CH;C“OCOOH) as substrate, isotopic 
carbon is found in all 6 carbons of the glucose unit of glycogen. It is 
also found that the isotopic carbons are symmetrically distributed be- 
tween (C-1, C-2, and C-3) and (C-4, C-5, and C-6). This provides con- 
firmatory evidence for the formation of the 6-carbon units of glycogen 
from two tautomeric 3-carbon fractions. 

It is further to be noted that with carbonyl-labeled pyruvate as sub- 
strate the concentration of isotopic carbon in C-1 and C-6 of the glucose 
molecule is relatively high, though not as great as in C-2 and C-5. This 
indicates, on the one hand, that, as in the case of muscle extracts (3), 
the reaction, pyruvate — phosphopyruvate, occurs in rabbit liver slices, 
and, on the other hand, that the dicarboxylic acid shuttle is quantitatively 
a very important intermediate pathway. 

It is also apparent, from the high concentration of C“ in C-3 and C-4, 
that considerable incorporation of C“O:, derived from the metabolism of 
CH;C“OCOOH, has occurred. This is to be interpreted as indicating 
(a) the conversion of carboxyl-labeled pyruvate to C“O, through the tri- 
carboxylic acid cycle, (b) the production of carboxyl-labeled pyruvate 
through the dicarboxylic acid shuttle, and (c) the conversion of the car- 
boxyl-labeled pyruvate to glycogen by phosphorylation and a reversal 
of the glycolytic reactions. 

The minimum number of a-labeled pyruvate molecules required to 
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yield the approximate relative radioactivities observed has been estimated, 
For simplicity of calculation, the radioactivities of the glucose carbons 
have been rounded off to the nearest whole numbers (Table IV). 








TaB_e III 
Relative Radioactivity of Glucose Carbons Derived from CH;C'*OCOOH 
Radioactivity, sys u| Relative isoto 
gon Fraction counted “= pond min. Sin elucose | content in various 
compound glucose molecule 
4 Glucosazone 1424 C-1 1 
3-Carbon osazone 629 C-2 24 
(BaCQ;) C-1 254 C-3 1.5 
oe 273 C-4 1.5 
™ C-4,C-5 350 C-5 1.3 
~ 265 C-6 1.05 
5 Glucosazone 1785 C-1 1 | 
3-Carbon osazone 851 C-2 1.6 
(BaCO;) C-1 292 C-3 ee 
J 430 C-4 1.7 
. C-4,C-5 445 C-5 La 
™ C-6 261 C-6 1 
6 Glucosazone 5341 C-1 1 
3-Carbon osazone 2487 C-2 1.45 
(BaCQ;) C-1 827 C-3 1.6 
7... a 1199 C4 1.6 
“. C4,CS 1300 C-5 1.4 
wd C-6 865 C-6 1.05 

















* The probable error in individual counts is 4 to 5 per cent. 








TaBLe IV 
Comparison of Relative Activities of Glucose Carbons, Found and Approximated 
Average relative Approximate 
activities found relative activity 
C-1 1.0 1 | 2 
C-2 1.4 1.5 3 
C-3 1.6 1.5 3 
C-4 1.6 1.5 3 
C-5 1.5 1.5 3 
C4 1.0 1 | 2 














Taking into consideration the various metabolic possibilities such as 
decarboxylation to acetate, carboxylation to oxalacetate, equilibrium with 
fumarate, oxidation to CO., and phosphorylation to phosphopyruvate, 
one obtains the following values for the minimum number of molecules of 
pyruvate involved. A minimum of 20 molecules of CH;C“OCOOH would 
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be required to provide isotopic carbon in C-3 and C-4, 8 molecules would 
have entered the dicarboxylic cycle as far as fumarate before being phos- 
phorylated to phosphopyruvate, and 2 molecules would have been phos- 
phorylated directly, making a total of 30 pyruvate molecules required to 
give the approximate relative activities listed above. 

The detailed basis of these estimates is given below. a-C-Labeled 

B a 
pyruvate will be designated as C—C—C; -C-labeled pyruvate, C—C—C; 
ey... 

carboxyl-labeled pyruvate, C—C—C; and the glucose unit as C—C—C— 
4 6 6 


C—C—C. Isotopic carbons are designated C. 
1. By direct phosphorylation of C—C—C 


_ C-C-C-O+-G-0 
2c—C—C + 2C—C—C 6 -ul en 





2. Equilibration of C—C—C in dicarboxylic acid shuttle before phosphorylation 
c-c Shuttle 4C—C—C 
ae 4C—C—C 

. 2C—C—C—C—C—C 

~ 2C—C—C—C—C—C 

_ 20C—C—C—C—C—C 

~ 2C—C—C—C—C—C 





4C—C—C + 4C—C—C 


4C—C—C + 4C—C—C 





3. (a) Conversion of C—C—C to CO; + CO; 
(b) Formation of C—C—C 
(c) Direct phosphorylation of 20% of C—C—C 
(d) Equilibration of 80% of C—C—C before phosphorylation 
(a) 20C—C—C -— 20C0, + 20CO; 
(b) 20C—C—C + 20CO: — 
10C—C—C + 10C—C—C + 10C0, + 10CO, 


(c) 2C—C—C + 2C—C—C > 


(a) 8C—C—C + ane 


O—C—C—C—C-—C 
C—C—C—C—C—C 





4C—C—C 


4C—C—C + 4C—C—C _. oe 


» 2C—C—C—C—C—C 





Relative radioactivities of carbons y a et ee et ole 
c—c—C—C—C—C 
Carbon No. in glucose unit rs? 27 °es = = 


It would appear from the results presented that carboxylation of pyru- 
vate to oxalacetate and equilibration in the dicarboxylic acid shuttle 
system occur about 4 times as fast as does direct phosphorylation of 
pyruvate molecules; and that about half as many pyruvate molecules 
are directly converted to glycogen as are converted first to CO: molecules, 
which subsequently appear in glycogen carbons 3 and 4. 
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The assistance of Miss Frances B. Nesbett in the preparation of the | 


glycogen and of the Biophysical Laboratory of the Medical School for the 
radioactivity measurements is gratefully acknowledged. 


SUMMARY 


1. Chemical methods have been devised for the determination ef the , 


relative radioactivities of the carbon atoms comprising the glucose mole. 
cule. 

2. Glycogen was made in vitro by rabbit liver slices with pyruvate as 
substrate in the presence of C“O., CH;C“OOH, or CH;C“OCOOH. 

3. In the presence of C“O, and CH;C“OOH, only carbons 3 and 4 of 
the glucose unit of glycogen contained C™. 

4. In the presence of CH;C“OCOOH, all carbons of the glucose unit 
contained C™. 

5. The experimental results demonstrate the symmetry of carbons |, 
2, and 3 of the glucose molecule with respect to carbons 6, 5, and 4. 


6. From the relative activities of the glucose carbons, the minimum | 


number of labeled pyruvate molecules required to yield the experimental 
results has been estimated. 

7. The proportion of pyruvate molecules which are (a) phosphorylated 
directly, (b) equilibrated with symmetrical dicarboxylic acids before phos- 
phorylation, and (c) converted to CO, which is then combined with pyr. 
vate with the production of carboxyl-labeled pyruvate has been estimated. 
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PARTIAL SYNTHESIS OF COMPOUNDS RELATED TO ADRENAL 
CORTICAL HORMONES 


XIII. 3a, 1la-DIHYDROXY-17a-STEROIDS* 


Br CHARLES W. MARSHALLf anv T. F. GALLAGHER{ 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, February 4, 1949) 


In addition to the compounds reported in the stepwise degradation of 
the side chain of 3a,11la-dihydroxycholanic acid (1), we obtained two new 
steroids possessing the 17a or unnatural configuration of the side chain. 
These were 3a, 11la-dihydroxy-17a-pregnan-20-one and 3a, 11la-dihydroxy- 
17a-etiocholanic acid. The normal configuration of the steroid side chain 
is considered 178 in keeping with the results of Sorkin and Reichstein (2), 
von Euw and Reichstein (3), and Gallagher and Long (4). 

3a, 1la-Dihydroxy-17a-pregnan-20-one was obtained by heating the 
diacetate of the normal 20-keto compound with 0.5 n NaOH in 80 per cent 
ethanol for 1 hour. The 17a-pregnane derivative was more soluble in 
ethyl acetate than the normal epimer and about 40 per cent of pure 178 
isomer was obtained from the mixture by fractional crystallization. The 
mother liquors were difficult to separate, but in one instance it was possible 
to obtain from ethyl acetate a crop of nearly pure 3a, 11la-dihydroxy-17a- 
pregnan-20-one as fine silky needles melting in the range 110-120°. 
Chromatography on alumina enriched the early fractions in the 17a deriva- 
tive, but the product was still a mixture. High vacuum sublimation at 
110-115° yielded a glassy sublimate which crystallized from ethyl acetate 
and consisted largely of the 17a epimer with a small amount of the nor- 
mal compound. Continuation of the sublimation at 125-135° yielded a 
product which contained the normal isomer together with a small amount 
of lower melting needles of the 17a compound. Proof that the lower melt- 
ing needles were an isomerization product and not an unidentified con- 
taminant in the original diacetate was obtained by heating 99 mg. of nearly 
pure 3a, 11la-dihydroxy-178-pregnan-20-one ({a], = +93° in chloroform; 


* The work reported here was supported in part by grants from Memorial Hospital 
and Armour and Company, for which we wish to express our thanks. This paper 
represents a portion of a thesis submitted by Charles W. Marshall to the Division 
of Biological Sciences of the University of Chicago in partial fulfilment of the re- 
quirements for the degree of Doctor of Philosophy. 

t Present address, G. D. Searle and Company, Chicago, Illinois. 


{ Present address, Sloan-Kettering Institute for Cancer Research, 444 East 68th 
Street, New York 21. 
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pure substance [a], = +96°) under a reflux with alcoholic base. After 
collecting four crops of the normal isomer, 14 mg. of fine silky needles, iden. 
tical with the lower melting levorotatory isomer, were obtained. Had 
this minimal amount of 17a derivative been initially present as a contam. 
inant, the rotation of the original product could have been no higher than 
+73°. Further proof that the lower melting needles were a 17 compound 
was obtained when practically all of the isomerization product was con- 
verted to the normal isomer after six successive reisomerizations. 

When essentially pure 3a,1la-dihydroxy-178-pregnan-20-one was con- 
verted to 3a, 1la-diacetoxy-21-benzalpregnan-20-one, isomerization at 0-17 
again occurred. This unwanted rearrangement very probably took place 
during the acetylation of 3a,1la-dihydroxy-21-benzal-178-pregnan-20. 
one, although this has not been rigidly proved, since the formation of the 


TaBLeE I 


Crystalline Modifications of 17a and 178 Epimers of 3a, 11a-Diacetory-21- 
benzalpregnan-20-one 




















eo Crystal form Mp. itn [aly (CHCh) 
"Se degrees 
B Needles 162-163 22,500 +71 
“8 7 5 116-120 24,000 +70 
¥ Prisms 162-163 +70 
a Spikes 166-168 23,400 —37 
” Rods 180-182 22,900 —4l 





* This form was obtained when the compound was dried at a temperature below 
80°. Upon drying at 100° and 0.1 mm. for 1 hour, the product was converted to 
needles melting at 162-163°. 


benzal was effected with sodium ethylate at —3°. Acetylation of 3a, Lle- 
dihydroxy-21-benzalpregnan-20-one (m.p. 215-219°; pure compound 21% 
220°) was achieved by heating under a reflux for 1 hour with acetic an- 
hydride and pyridine. Five crystalline forms described in Table I wer 
isolated, three of which were known to be polymorphic modifications of the 
normal diacetate. The two remaining products had the same rotation, 
differing from the normal by approximately 110° and were thus uw 
doubtedly polymorphic forms of the 17a epimer. Both levorotatory prot- 
ucts exhibited the characteristic ultraviolet absorption spectrum of a 20- 
ketobenzal (1) (€2% = 23,400; €200 = 22,900) and were therefore not endl 
acetates, since these have a much higher molecular extinction coefficient 
with maxima at 2930 A and 3030 A (5). These were separated from 
asmall sample only. The principal quantity of the mixture of five crystal- 
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line forms was degraded to the etio acid by ozonolysis and periodic acid 
oxidation. ‘Two isomeric etio acids were obtained from the reactions, the 
17a in about 30 per cent yield. Confirmation of the structure of the 17a- 
etio acid was obtained by esterifying 640 mg. with diazomethane followed 
by isomerization with sodium methoxide in methanol by the procedure of 
Sorkin and Reichstein (2). 376 mg. (61 per cent) of the higher melting 
normal acid and 72 mg. (11.6 per cent) of the 17a acid were isolated after 
saponification. 

It is clear from these results and from those previously reported (5) that 
enolization of a 20-ketosteroid, especially the highly conjugated 20-keto- 
21-benzalpregnane derivative, is a facile reaction despite the formation of 
an exocyclic double bond. Acetylation of hydroxyl] groups in these steroids 
can be more readily and safely accomplished in the cold by the perchloric 
acid-catalyzed reaction of Whitman and Schwenk (6) rather than by pro- 
longed heating in pyridine. It should also be noted, as previously reported 
(1), that saponification of 3a,1la-diacetoxypregnan-20-one can be effected 
at room temperature for 2 days in a solution of 2 N NaOH in 75 per cent 
ethanol without appreciable isomerization. 

Table II summarizes the difference in molecular rotation recorded for 
pairs of 20-ketosteroids and derivatives epimeric at C-17. It is apparent 
that the acetyl group attached to C-17 in the a configuration causes a pro- 
nounced levorotatory shift so that the difference in molecular rotation 
between the two configurations of C-17 is approximately 55,000. This 
value can be a criterion of purity or completeness of separation of the iso- 
mers and the usefulness of this value is illustrated by the following consider- 
ations. Butenandt and Mamoli (13) have described 38-hydroxy-17a-allo- 
pregnan-20-one with [a], = +6° (ethanol). The difference in molecular 
rotation between this product and the 178 isomer ({a], = +90.8° in ethanol 
(14)) is 27,000, from which the conclusion can be drawn that only a 50 per 
cent separation was achieved; it is possible that the product isolated was a 
1:1 molecular compound of the 17@ and 178 isomers. Experimental con- 
firmation of the inhomogeneity of the 17a-20-ketone isolated by Butenandt 
and Mamoli is found in the same report of these authors who isolated both 
17a- and 178-allopregnane-3 ,20-dione from CrQ; oxidation of 38-hydroxy- 
17a-allopregnan-20-one. It is probable that the 17a-allopregnane-3 , 20- 
dione isolated from this reaction still contained an appreciable amount of 
the 178 epimer, since the A[M], is the smallest of all the reported diastereo- 
isomeric pairs. For these reasons the 17a and 178 isomers of 38-hydroxy- 
allopregnan-20-one were not included in Table II and the value for 17a- 
allopregnane-3 ,20-dione should be interpreted in the light of the foregoing 
discussion. From the value A[M]!7«-16 = 55,000 it can be concluded that 
the hydroxyl group at C-11 does not exert any pronounced vicinal effect 
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Taste II 
Molecular Rotations of 20-Ketosteroids Epimeric at C-17 
Iso- | Biblio- ante 
mule Derivatives of 20-ketopregnane (or pregnene) | lalp Solvent es. [M]p 5 

o. No. (Mj, ° 

degrees 

1 | 3a-Hydroxy-178 +112 | MeOH (7) 36 , 300 
3a-Hydroxy-17a —49.7| EtOH * |—15,100 51,400 
3a-Acetoxy-178 +123 ff (8) 44,700 
3a-Acetoxy-l7a — 28.2; MeOH (7) ~11.000 55,700 

—30.6) EtOH ” i 

2 | A’-38-Hydroxy-178 +28.2) ‘ (9) 8,900 
A’-38-Hydroxy-17a —140.5) « (9) |—44,500| 53,400 
AS-33-Acetoxy-178 +19.9) ‘ (9) 7,200 52.400 
A’-38-Acetoxy-17a —126 ze (9) |—45,200) ~~’ 

3 | A*t-3,20-Dione-178 +187 - (10) 58 , 800 58.800 
A‘-3, 20-Dione-l7a 0 ” (10) 

4 | A*.3-Keto-21-hydroxy-178 \+178 se (11) 58,800 60. 80 
A‘-3-Keto-21-hydroxy-l7a | —6 - (12) —2,000) ~~’ 
A‘-3-Keto-21-acetoxy-178 |+170 | Acetone | (11) 63 , 300 
A‘.3-Keto-21-acetoxy-l7a | —21 “ (12) | —7,800| 71,100 

—26 - —9,700) 73,000 

5 | 3,20-Dione-5a, 178 +127 | EtOH (13) 40 , 200 44. 900 
3, 20-Dione-5a, 17a | —14.6) * (13) —4,600) ~’ 

6 | 3a,lla-Dihydroxy-178 +96 | CHCl; 32,100 55.200 
3a, Lla-Dihydroxy-17a —69 . — 23,100) ~~’ 
3a, lla-Diacetoxy-21-benzal-178 +71 * 36 ,000 56. 800 
3a, lla-Diacetoxy-21-benzal-l7a —41 “4 — 20,800) "’ 




















*The product was obtained from an equilibrium mixture of 17a and 17 
pregnanolone generously furnished us by Dr. Willard Hoehn. Careful chromato- 
graphic separation yielded 3a-hydroxy-l7a-pregnan-20-one which melted from 
137-144° (Kofler block); [a]p = —50° (ethanol or dioxane); the properties of this 
product were not changed by rechromatography or by fractional crystallization. 
The unsharp melting point is believed to be due to the presence of two crystal modi- 
fications. The acetate melted at 158.5-160°; [a] = —30.6° (ethanol). Comparison 
of the infra-red spectrum of the hydroxyketone with an authentic sample obtained 
from Moffett and Hoehn failed to reveal any difference between the two products. 
Dr. K. Dobriner and Dr. J. Hardy of the Sloan-Kettering Institute, who examined 
the infra-red spectra, inform us that, while the spectra of 3a-hydroxy-178-pregnan- 
20-one and 3a-hydroxy-17a-pregnan-20-one are not identical, the fact that the strong 
bands of the two compounds overlap to a great extent makes the detection of small 
amounts of the 17a epimer in the 178 compound extremely difficult. From the 
rotation data Moffett and Hoehn’s product still contained approximately 8 per 
cent of the 178 isomer. We wish to express our thanks to Dr. Hardy, Dr. Dobriner, 
and Dr. Hoehn for their assistance. 


upon the rotatory contribution of C-17. In contrast the vicinal effect of 4 
C-21 hydroxy] (Pair 4), while slight, is apparent and is increased by acetyla- 
tion; the vicinal effect of the 21-benzal group appears negligible (Pair 6). 
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A similar treatment of the etio acids and their simple derivatives, sum- 
marized in Table III, shows that the carboxyl group or methyl carboxylate 
attached in the @ or 8 configuration to C-17 makes a considerably smaller 
contribution to the molecular rotation than the 17 acetyl group. The 
assignment of a numerical value to the A[M]}’*"* is complicated by the 
greater disparity in the value for these compounds. This may in part be 
due to the unfortunate fact that the rotation was determined in a different 
solvent for the members of the epimeric pair. The two pairs which differ 
most markedly from the other compounds are substances with hydroxyl 























Taste III 
Molecular Rotations of Etiocholanic Acids and Derivatives Epimeric at C-17 
a Derivatives of etiocholanic acid bene = mi, 
9 eee ea a Be 

0. No. D 

degrees 

1 | Methyl-5a, 178 +49 | Dioxane | (15) 15,600 28 600 
Methyl-5a, 17a +41 4 (15) |—13,000) ~~’ 

2 | Methyl-38-acetoxy-5a, 176 +37 | CHCl; (2) | 16,100 32.200 
Methyl1-38-acetoxy-5a, 17a —37 si (2) |—16,100) ~~’ 

3 | Methyl-38-acetoxy-58,178 +54 | Acetone (2) 20, 300 30.800 
Methyl-38-acetoxy-58, 17a —28 | CHCl; (2) |—10,500 : 
Methyl-38-hydroxy-58, 176 +57 | Acetone (2) 19,100 29.500 
Methy1-38-hydroxy-58, 17a —31 | CHCl, (2) |—10,400) ~~’ 

4 | Methyl-3a,12a-dihydroxy-178 +105 | MeOH (16) | 36,800 33. 200 
Methyl-3a, 12a-dihydroxy-17a +10 | CHCl; (16) 3,600) ~°’ 

5 | Methyl-3e,128-dihydroxy-178 +52 | MeOH (16) 18, 200 21.400 
Methyl-3e, 128-dihydroxy-l17« -—9 | CHCl; (16) | —3,200) ~’ 

6 | Methyl-A‘-3-keto-178 +145 | Acetone (15) 47 ,900 37.000 
Methyl-A‘-3-keto-17a +36 i (12) 10,900) " ’ 

7 | 8a,1la-Dihydroxy-178 +60 | EtOH ¥ 20,200 23. 600 
3a, lla-Dihydroxy-17a —10 " —3,400 : 
Methyl-3a, lle-diacetoxy-178 +46 | CHCl; (1) | 20,000 41.700 
Methyl-3e, lla-diacetoxy-17a — 50 * —21,700) ’ 














functions at C-11 or C-12. Here at least three explanations are plausible: 
(1) that the separation of the products was incomplete; (2) that there is 
vicinal effect of the hydroxyl function at either C-12 or C-11; or (3) that 
the relatively small rotations were not determined with sufficient accuracy. 
It is significant that the A{M]}!?e~* for the 17 epimers of methyl 3a, 1la- 
diacetoxyetiocholanate is the largest observed in the series. Unfortunately 
it is not possible to decide which of the three possibilities mentioned is 
responsible for this result and further investigation is required in order to 
clarify these inconsistencies. 

We have attempted to establish the equilibrium of the normal and iso-20- 
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ketopregnanes by measurement of the shift in the optical rotation upon 
heating for 30 minutes at 80° in 0.5 N NaOH. From the results presented 
in Table IV it would appear that 66 per cent of the 178 compound and 34 
per cent of the 17a represent the equilibrium condition. These results 
should be compared with those of Moffett and Hoehn (7), who carried out 
similar experiments with 3a-hydroxypregnan-20-one and reported that 
the equilibrium mixture contained 71 per cent of the 178 compound and 
29 per cent of the 17a. Recalculation of their results with our value 
[a], = —50° for the 17a-20-ketosteroid shows the equilibrium mixture to 
contain approximately 75 per cent of the 178 and 25 per cent of the 174 
compound. 


Taste IV 
Rotatory Shift of Epimers of 8x, 11a-Dihydroxzypregnan-20-one 

















Specific rotation at 23° 
Epimer 
80 per cent EtOH alone 0.5 se O5N BiOe NeOR bed 
degrees degrees degrees 
178 +89 +92 +48 
17a —50 —50 +40 
EXPERIMENTAL! 


8a,11a-Dihydrozy-17a-pregnan-20-one—7.78 gm. of 3a,1la-diacetoxy- 
178-pregnan-20-one, melting in the range 145.5-147°, were heated under 
a reflux for 1 hour in 120 ml. of 80 per cent ethanolic 0.6N NaOH. Crystal- 
lization from ethyl acetate yielded 2.80 gm. of platelets of the normal iso- 
mer, but additional crops were mixtures of platelets and needles. Mother 
liquors and crystals melting below 170° were combined and a series of six 
isomerizations (heating in ethanolic base as above) alternated with frac- 
tional crystallization from ethyl acetate yielded 4.97 gm. (80 per cent) of 
pure 3a,1lla-dihydroxypregnan-20-one together with 60 mg. of less pure 
product, 660 mg. of crude mixed isomers, and 187 mg. of needles melting 
in the range 110-120°. The calculated yield was 6.2 gm. and 5.8 gm. were 
realized. The 17a compound was recrystallized from ethyl acetate-petro- 
leum ether as fine silky needles and after repeated purification yielded a 
product which melted at 120-123° with bubbles; [a]?? = —69° (chloro- 
form); [a]?? = —50° (80 per cent ethanol). The behavior on melting ap- 
peared to be due to solvation, but the analytical specimen dried at 80° and 
0.1 mm. for 4 hours showed no loss in weight. 


CuHsO;. Calculated, C 75.41, H 10.25; found, C 74.04, H 10.65 


1 All melting points are corrected. 
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A second analytical specimen, 20 mg. of needles melting at 118-120°, was 
sublimed in high vacuum at 110-115°. The analysis of the transparent 
glassy sublimate, although it exhibited a specific rotation identical with 
that of the crystalline needles, [a]? = —69° (chloroform), was similarly 
poor. Found, C 74.28, H 12.70. 

99 mg. of 3a,1la-dihydroxy-178-pregnan-20-one, m.p. 179-180.5°, [a]# 
= +93° (chloroform), were heated under a reflux in an atmosphere of 
nitrogen for 1 hour in 5 ml. of 80 per cent ethanolic 0.8 N NaOH. The 
solution was cooled, neutralized, diluted with 100 ml. of water, and 
extracted three times with ether. The combined extracts were washed 
with dilute brine, dried over sodium sulfate, and the solvent removed under 
diminished pressure. The dried residue yielded four crops of the normal 
isomer from ethyl acetate, which melted in the range 150-174°. The 
next two crops were needles, weighing 14 mg. and melting at 110-115°; 
[a]*# = —57° (chloroform). 

Rotatory Shift of 178 and 17a Epimers upon Heating in Alcoholic Base— 
10.9 mg. of platelets melting at 179-180.5° were dissolved in 4 ml. of 80 
per cent ethanolic 0.5 N NaOH. 10.6 mg. of needles melting at 118-120° 
were similarly treated. The solutions were prepared under nitrogen and 
the rotation was determined within 15 minutes. Each was then trans- 
ferred to a bomb tube under nitrogen, and the tubes sealed and heated 
for 30 minutes at 80°. After cooling, the rotation of each solution was 
again determined. ‘The results are shown in Table IV. 

8a ,11a-Dihydroxy-17a-etiocholanic Acid—4.46 gm. of the mixture of 17a 
and 178 isomers of 3a,1la-diacetoxy-21-benzalpregnan-20-one were sub- 
jected to ozonolysis and periodic acid fission by the procedure previously 
reported (1). The crude acidic fraction weighed 2.62 gm. (calculated, 
2.96 gm.), but, upon crystallization from ethyl acetate, the third crop 
melted at 200-204°. Upon recrystallization, this product yielded a small 
amount of needles melting at 240° of the 178 acid and 915 mg. of the 17a 
acid in the form of prisms. Recrystallization from ethyl acetate or dilute 
ethanol gave micro prisms melting at 204.5-205.5°; [a]24 = —10° (95 per 
cent ethanol). 


CioHn0,. Calculated, C 71.39, H 9.59; found, C 71.41, H 9.65 


A mixture with the 178 isomer, m.p. 250°, showed no depression of the 
melting point of the lower melting component and melted at 200-206°. 
Conversion of 8a ,11a-Dihydroxy-17a-etiocholanic Acid to Normal Isomer— 
644 mg. of 3a,1la-dihydroxy-17a-etiocholanic acid, melting within the 
range 199-205°, were esterified with diazomethane and the crude ester 
dried by distilling off two 25 ml. portions of anhydrous benzene, leaving 2 
ml. of benzene on the residue. 25 ml. of a 5 M solution of sodium methoxide 
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in methanol were quickly added, the flask connected to a condenser, and 
the mixture boiled under a reflux in an atmosphere of nitrogen. Afte 


30 minutes boiling, 15 ml. of water were added and boiling continued for | 


an additional 15 minutes. The solution was diluted with 50 ml. of wate 
and methanol was removed under reduced pressure. Upon cooling the 


solution, the insoluble sodium salt of the 17a acid precipitated. The ip. | 


soluble salt was collected on a fritted disk and washed with a little water, 
The filtrate was chilled, diluted with water, acidified to Congo red with 10 
per cent sulfuric acid, and sodium chloride was added to a concentration 
of 10 per cent. The suspension was extracted with ether and the ether 
extracts were washed with dilute brine, dried over sodium sulfate, and 


the solvent removed. The residue weighed 449 mg. and yielded 376 mg. | 


of the normal isomer melting in the range 240-248°. The insoluble sodium 
salt was converted to the free acid and isolated in similar fashion. 1$4 
mg. of the crude acid were obtained from which 72 mg. of crystalline 17a. 
etio acid, identical in all respects with the product described, were ob- 


tained. The mother liquors were not investigated, but were combined | 


with other mixtures of the isomers for reisomerization. 

Methyl 3a,11a-diacetoxy-17a-etiocholanate was isolated from a sample 
of the mixture of isomers which had been esterified with diazomethane and 
acetylated with acetic anhydride in the presence of HC1O,. It was sepa- 
rated from the 178 isomer by chromatography upon Al,O;, from which it 
was eluted before the 178 epimer. It crystallized from petroleum ether 
as needles, m.p. 141-142°, [a]## = —50° (CHC\). 


CuHzO0s. Calculated, C 69.10, H 8.81; found, C 69.13, H 8.74 


SUMMARY 


Two new steroids and their derivatives with the 17a or unnatural con | 


figuration of the side chain have been described. The molecular rotation 
differences of the 17a and 178 epimers have been compared with other 
pairs of similar epimers. 
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THE EGG WHITE INHIBITOR OF INFLUENZA VIRUS 
HEMAGGLUTINATION 


I. PREPARATION AND PROPERTIES OF SEMIPURIFIED INHIBITOR* 


By FRANK LANNI, D. G. SHARP, EDWARD A. ECKERT,t EDITHS. DILLON, 
DOROTHY BEARD, ano J. W. BEARD 


(From the Department of Surgery, Duke University School of Medicine, 
Durham, North Carolina) 


PLATE 4 


(Received for publication, February 11, 1949) 


Several fluids of biological origin, notably, normal serum, normal al- 
lantoic fluid, ovarian cyst fluid, and egg white, have recently been shown 
to inhibit markedly the agglutinative reaction between red blood cells 
and heated influenza viruses, and the results of studies on the purification 
of inhibitor from each of these fluids have already been reported (1-4). 
Of these materials, egg white, which is the most readily available, appears 
possibly to be one of the richest sources of inhibitor (5). Accordingly, 
experiments have been undertaken in this laboratory for the purpose of 
purifying and characterizing the inhibiting component of egg white. 
The products have been investigated with respect to biological activity, 
chemical composition, appearance in electron micrographs, sedimentation 
and electrophoretic behavior, and other properties. 


Materials and Methods 


The swine influenza virus for titrating the inhibitor was the same prep- 
aration of egg-adapted strain 15 cultured in chick embryos and concen- 
trated by Sharples centrifugation of virus-infected chorioallantoic fluid 
previously described (6). The coficentrate was passed through one cycle 
of alternate low and high speed spinning in the vacuum type ultracentri- 
fuge. The nitrogen content of the final suspension was 234 y perml. The 
50 per cent point infectious unit of this virus preparation was 10-7 gm. 
of N on February 9, 1948, 3 months after concentration and purification. 
Titration on December 6, 1948, revealed a 50 per cent point unit of 10-2 
gm. of N, a decline of about two 10-fold dilutions in infectious capacity. 

Inhibitory activity was titrated against a constant amount of heated 


* This work was aided by a grant to Duke University from the Lederle Labo- 
ratories Division, American Cyanamid Company, Pearl River, New York, and by 
the Dorothy Beard Research Fund. 

t Predoctorate Fellow of the United States Public Health Service, National 
Cancer Institute. 
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virus, prepared by diluting the stock virus described above to 1 y of N 
per ml. with buffered saline (0.81 per cent NaCl, 0.005 m phosphate, pH 
7.3) and heating for 30 minutes at 53°.!. Progressive 2-fold dilutions of 
inhibitor solutions were made in bulk with buffered saline, and 0.5 ml, 
portions were distributed in Wassermann tubes. A volume of 0.5 ml, of 
heated virus, diluted to contain about eight hemagglutinating doses per 
ml., was added, and the mixtures were allowed to stand for 30 minutes at 
room temperature. After this time, 1.0 ml. of 2 per cent chicken red 
blood cells was added, and the agglutination readings, recorded as 0 to 
++-+-+, were made as usual (8) after 1 hour. The inhibition titer of g 
preparation is defined as the reciprocal of the final dilution of the prepara- 
tion in the reaction mixture which gave the standard ++ end-point of 
hemagglutination; ++ hemagglutination is given by one hemagglutinating 
dose of virus. Most of the end-points were obtained by interpolation 
from the results with two adjacent mixtures, the first giving less and the 
second giving more than the standard end-point agglutination. Dupli- 
cate determinations generally agreed to within 10 per cent. The purifica- 
tion factor of a fraction, defined as the ratio of egg white N to fraction N 
at the ++ end-point, was calculated from the results of parallel titra- 
tions. In the present experiments, the character of the hemagglutination 
curve in the gradient region was independent of the purity of the inhibitor- 
containing solutions. This independence was observed with materials, 
including crude egg white, highly purified fractions, and residues, which 
differed as much as 300 times in purification factor. Furthermore, a 
mixture of a purified fraction with purification factor 34 and a residue 
with a factor of 0.15 had an inhibitory activity equal (within 10 per cent) 
to the sum of the activities of the separate fractions; the two fractions 
were allowed to contribute approximately the same activity to the mix 
ture. These two features of the titrations indicate that the inhibition 
titer is independent of purity (cf. (2)). 

Sedimentation studies were made with the air-driven analytical ultra- 
centrifuge (9) by the schlieren or Lamm scale methods. The electron 
microscope was the RCA type B instrument (10). Electrophoretic studies, 
by means of the Tiselius electrophoresis apparatus equipped with a Svens- 
son optical system (11), were made both in veronal and in phosphate 
buffers of 0.1 ionic strength. Ultraviolet absorption studies were made 
with the Beckman quartz spectrophotometer. The viscosity determina- 
tions were carried out in capillary viscometers (12) at 29.78°. Nutrogen 
was determined either by a micro-Kjeldahl distillation method or by 4 
direct nesslerization method adapted to the determination of quantities 

! Unheated virus is not suitable for the titrations because it inactivates inhibitor 


rapidly (6). Heated virus, prepared as described, is essentially devoid of inhibitor¢ 
inactivating capacity (7). 
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from 5 to 80 y. Carbohydrate was determined with the orcinol reagent 
(13) and calculated as glucose. 


Results 


Fractionation—1 volume (200 ml.) of fresh egg white, strained through 
fine gauze, was poured into 7 volumes of 0.1 M KH,PQ,, and the mixture 
(pH 5.7 by the glass electrode) was allowed to stand 1 hour at room tem- 
perature with frequent swirling. The stringy precipitate was obtained 
by centrifuging (supernatant fluid = SI), washed once with 2 volumes 
(referred to egg white) of 0.085 m phosphate buffer at pH 5.7, and sus- 


TABLE I[ 
Properties of Egg White Fractions Obtained with Phosphate Buffers (Experiment A178) 























Fraction (see text) | ,ajumme'Souimiy | Heat® x | eee 
y per ml. per cent 
Egg white........ 1 47,000 18, 200 1.00 100 
eee 8 1,100 2,170 0.19 19 
Ee eee 2 320 85.4 1.4 1.4 
Re area w wibrs 10 470 (2.5)t (72) 10f 
= LEE ae 6 1,100 11.4 37 14 
\ 2 | ee Pre See 10 1,800 19.9 35 38t 
din oie i 6 350 (3.0)t (45) 4.5 
De 10 1,400 13.0 41 30f 
re 1 16,000 148 41 34 
io) ee 0.5 7,500 46.5 62 8.0 
iyi) | ae 0.5 930 5.7 62 1.0 





* Inadequately dispersed. 
t Nitrogen too low for accurate analysis. 
t The data apply to stage samples and are not to be included in the sum. 


pended in 1 volume of 0.06 m phosphate buffer at pH 7.2. A stage 
sample of 1.0 ml. of the suspension was dispersed in 9.0 ml. of phosphate 
buffer at pH 7.2 and centrifuged, giving the supernatant fluid PI for 
analysis. The remainder of the suspension was precipitated twice with 
5 volumes of 0.088 m KH,PO, each time, giving the supernatant fluids 
SII and SIII, corresponding to SI, and the stage samples PII and PIII, 
corresponding to PI. The final highly viscous suspension, in unit volume 
referred to egg white, was shaken briefly and centrifuged, giving the ex- 
tract PIII-EI. The undissolved, gelatinous material was then extracted 
twice more with 0.5 volume of phosphate buffer at pH 7.2 each time, 
giving the fractions PIII-EII and PIII-ElII. At each step in the fore- 
going procedure, the material was allowed to stand for at least 1 hour. 
The results of Table I show that approximately 80 per cent of the egg 
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white inhibitory activity was precipitated with approximately 5 per cent 
of the egg white nitrogen in the initial step. Washings after the first 


(other experiments) and subsequent precipitations contributed little to | 


the purification. On the other hand, the first extract (e.g., PIII-EI) of a 
given precipitate was not as pure as subsequent extracts, possibly because 
the removal of inert material was facilitated by the swelling which oe. 
curred when the precipitate, always difficult to disperse and dissolve, was 
treated with phosphate buffer at pH 7.2. 

Several alternative methods of purification have been investigated 
briefly: (a) dilution of egg white with several volumes of water; (b) dilu- 
tion with 7 volumes of 0.1 m acetate buffers; (c) half saturation with am. 


monium sulfate; and (d) fractionation by the method of Sgrensen (14), | 


In each case the activity was concentrated in the least soluble fraction, 
but none of these methods, which were explored only in a preliminary way, 
gave products more than 10 times as active as egg white on an N basis. 
When it was found that the egg white inhibitor could be sedimented in 
high centrifugal fields (cf. (4)), several purification experiments were 


carried out, utilizing this property of the inhibitor. Egg white, diluted © 


5-fold with 0.06 m phosphate buffer at pH 7.2, was centrifuged for 90 
minutes at 67,000 X g in the vacuum type quantity ultracentrifuge. The 
supernatant fluid (UC-SI) was pipetted off, and the gelatinous, runny 
pellets were washed with 0.085 m phosphate buffer at pH 5.7, pooled, and 
extracted with 0.06 m phosphate buffer at pH 7.2. The extract (UC-PI) 
was Clarified at low speed and centrifuged for 60 minutes at 67,000 x 
g, giving a supernatant fluid (UC-SII) and gelatinous pellets, which were 
extracted with buffer at pH 7.2 (UC-PII). The cycle was repeated, giv- 
ing the supernatant fluid UC-SIII and the pellet extract UC-PIII. The 
properties of these fractions are summarized in Table II. While this 
method gave products comparable in purity with those obtained by the 





phosphate buffer method, the latter is superior, since it allows the handling | 


of a greater volume of material. 
Recently, Hardy and Horsfall (4) reported that they were able to obtain 


by cold alcohol precipitation of egg white a fraction which was approx | 


mately 5.4 times? as active as egg white on the basis of dry weight, a 
tested against the PR8 strain of influenza virus A. The most purified 
preparations obtained in the present work, e.g., Preparation A178-PIll- 
EII of Table I, were approximately 60 times as active as egg white on! 
nitrogen basis and approximately 55 times as active on the basis of dy 
weight, assuming a nitrogen content of 12.5 per cent (see below). 

? Calculated from their report that 0.25 per cent egg white and a solution of put 


fied material containing 0.06 mg. per ml. each had the same inhibitory activity # 
normal allantoic fluid. Egg white contains 13.0 per cent total solids (15). 





i i ie ct 


242orT” ef fa 





i 
r cent 


> first 


tle to | 


) of a 
CALs 
th oe: 
e, Was 


igated 
) dilu- 
h am- 


» (14). | 


action, 
y way, 
sis. 
ited in 
3 were 
diluted 
for 90 
The 
runny 
xd, and 
JC-PI) 
000 x 
h were 
xd, giv- 
. The 
ile this 
by the 


andling | 


. obtain 





aaa ee 


pproxi- | 


ight, a8 
purified 
8-PIil- 
ite on 4 
of dry 


of puri- 
tivity # 





LANNI, SHARP, ECKERT, DILLON, BEARD, AND BEARD 1279 


General Properties—The inhibitor solutions contained up to 300 y of 
N per ml. in 0.06 m phosphate buffer at pH 7.2. In general, the purifica- 
tion factor of these preparations was inversely related to the nitrogen con- 
centration; no preparations with purification factor 60 were obtained in 
concentrations greater than 60 y of N per ml. The preparations were 
characterized by a blue scattering, a high viscosity (see below), and a 
tendency to form shreds of denatured material on swirling or on shaking 
with air. One preparation, Al87-PI-EI (Table III), was shaken with air 
for 1 hour at room temperature (26°) and centrifuged at low speed to 
remove the considerable precipitate which formed. The supernatant 
fluid contained 3 per cent of the inhibitory activity and 13 per cent of 
the nitrogen of the starting material. Preliminary experiments showed 











Tasie II 
Properties of Egg White Fractions Obtained with Ultracentrifuge (Experiment 
A177) 
re el ee 
| y per mi. per ceni 
1:5egg white.....| 1.0 9,600 3500 1.00 100 
Es $ octun 349 He 1.0 2,000 3200 0.23 21 
ME Si hivinin snes | 0.33 3,200 366 3.2 ll 
ae 0.27 12,000 202 22 34° 
OS eeaaeey? 0.27 4,100 139 ll ll 
ee 0.21 5,400 53.9 37 12* 
ree | 0.21 1,600 17.5 33 3.5 
GOPiiL........«: | 0.14 1,200 9.0 49 1.8 

















* The data apply to stage samples and are not to be included in the sum. 


that the thoroughly washed sediment was capable of combining with 
both heated and unheated swine influenza virus. The same prepara- 
tion was heated at 90° for 1 hour with no change in activity (cf. (1, 2, 4, 
16, 17)). A second preparation, A178-PIII-EI (Table I), was dialyzed 
in Visking casing against buffered saline (pH 7.3) for 48 hours in the cold 
with a decrease of 6 per cent in inhibitory activity and 10 per cent in 
nitrogen concentration. No optical activity or birefringence of flow could 
be demonstrated. 

Chemical Properties—A preparation containing 60 y of N per ml., with 
purification factor 60, gave positive Millon’s, xanthoproteic, and biuret 
tests and a doubtful ninhydrin test for protein. A positive test for car- 
bohydrate was obtained with the orcinol reagent, but the Molisch test 
was negative (cf. (4)). 

Preparation A178-PIII-EI (Table I) was dialyzed exhaustively against 
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flowing distilled water,* frozen, and dried in vacuo, yielding a white, ¢o. 
hesive, flexible shell, which did not readily redissolve in 0.06 m phosphate 
buffer at pH 7.2. The yield of lyophilized material was 1.25 mg. per ml, 
of starting material. After further drying to constant weight in vacuo 
over P20; at 50°, analyses gave for C 48.1, H 6.7, N 12.5, S 2.4, and ash 
1.4 per cent; no phosphorus was present.‘ The carbohydrate content, 
determined with the orcinol reagent on the dry material and calculated 
as glucose, was 10.3 per cent. 

Viscosity and Carbohydrate Content in Relation to Inhibitory Activity— 


Fractions obtained by the phosphate buffer method described above, with | 


TaBLeE III 


Viscosity and Carbohydrate Content of Egg White Fractions in Relation to Inhibitory 
Activity (Experiment A187) 





Carbo- Carbo- Specific 





Fraction* w ffahier” | oret|viscottst| Nee | bedeate | “Seta! 
nol) N — 
ve ve 
10% egg white........... 1700 | 4,800} 928 | 0.1304 2.8 0.55 | 0.0768 
| ES ee nr 299 130 | 150 | 0.0088 0.43 | 0.50 | 0.029 
EEE Biss o.6's bo 0'o'epe nit sies 0 290 | 18,000 | 262 | 0.615 62 0.90 | 2.12 
EL Ss cre aut abe wa 238 | 24,000 | 250 | 0.945 | 100 1.05 | 3.97 
| ee 183 | 23,000 | 224) 0.819 | 130 1.22 | 4.48 
10% thin egg white.....| 1760 | 1,600 0.0824 0.91 0.0468 
10% thick ‘‘ Pa autesiues 1750 | 8,800 0.1552 5.0 0.0887 


























* All the fractions were in 0.06 m phosphate buffer at pH 7.2, containing 0.01 
per cent merthiolate (Lilly). 
t Relative viscosity minus 1. 


slight modifications, were analyzed for N, carbohydrate (orcinol), vis- 
cosity, and inhibitory activity, with the results shown in Table III. The 
recorded values refer to solutions at the concentration at which the vis- 
cosity measurements were made. It is evident that progressive purifica- 
tion of the active component is accompanied by progressive increase in 
the viscosity: N and carbohydrate:N ratios; plots of each of these ratios 
against the titer:N ratio show an essentially linear relation. It would 
appear that the inhibitory activity is associated with a highly viscous 

8 Very little precipitate formed during this dialysis, which was carried out on 4 
rocking device in the cold without the inclusion of an air bubble. In other experi- 
ments, variable amounts of precipitate formed when air was included. 

4 These eas were made by the Oakwold Laboratories, V. A. Conard, Director, 
Alexandria, Virginia. 
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component which has a carbohydrate content, as determined with orcinol, 
appreciably greater than the average egg white content. Furthermore, 
the data suggest that the inhibitor itself, contributing 2 per cent or less 
of the total egg white N, is responsible for a great part of the high viscosity 
of crude egg white. This conclusion is supported by a comparison of the 
properties of thin and thick whites separated from the same eggs (Table 
III). The probable identity of inhibitor and viscous component is af- 
firmed by the recent observation (18) that purified swine influenza virus 
is capable of reducing greatly the viscosity of solutions of purified inhibi- 
tor; the inactivation of inhibitor by virus has already been reported (6, 
7). 





200 
180 5 
160 
140 7 








Scale Line Deflection — Microns 





Radial Distance - Centimeters 


Text-Fiac. 1. Sedimentation diagram of a preparation of the egg white inhibitor 
(Preparation A187-PI-EIII, Table III). The boundary, sedimenting in a mean 
centrifugal field of 46,450 X g, is shown in five positions by the five scale curves 
taken at intervals of 10 minutes. The preparation contained 183 y of N per ml. 
The sedimentation constant was 3) S. 


Sedimentation Behavior—Sedimentation studies were made with several 
preparations containing from 75 to 183 y of N per ml. in 0.06 m phosphate 
buffer at pH 7.2. At 75 y of N per ml. a boundary was barely visible, 
but at concentrations above this level, distinct boundaries were seen. 
A Lamm scale diagram of Preparation A187-PI-EIII (Table III), con- 
taining 183 y of N per ml., with purification factor about 45, is shown in 
Text-fig. 1. The diagram shows a single, fairly sharp boundary, spread- 
ing somewhat in the course of sedimentation. The spread of the bound- 
ary is comparable with that of the boundaries of the influenza viruses 
(19). 

The sedimentation constants obtained with various preparations ranged 
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from 31 to 37 S. The sedimentation constant of the preparation of Fig, 
1 was 318. As with other highly viscous materials (20), a definite rela- 
tion was seen between the rate of sedimentation and the concentration of 
the inhibitor, the rate being slower at the higher concentration. 

Calculations of the particle size of the sedimenting material on the as- 
sumption of a spherical shape and a hydrated density of 1.25 give a 
value of about 15 my for the mean diameter. 

Electron Micrography—The inhibitor preparations in 0.06 m phosphate 
buffer at pH 7.2 were diluted 1:10 to 1:100 with distilled water. Col. 
lodion films were prepared in the usual way, and the material dried on the 
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Text-Fia. 2. Ultraviolet absorption spectrum of a preparation (A178-PIII-El, 
Table 1) of egg white inhibitor. 


Extinction Coefficient - cm2/mg. Nitrogen 


film was lightly shadow-cast with chromium. A micrograph (Fig. 1) of 


preparation UC-PI (Table II) diluted 1:10 with water shows images of | 


widely varying size closely crowded together. Most of the individual 
particles are exceedingly small and approximately spherical, while the 
larger images have the appearance of aggregates of the smaller particles. 
A micrograph (Fig. 2) of preparation A178-PIII-EI (Table I) diluted 1:10 
reveals particles in the same size range as the individual small particles 
visible in Fig. 1. Neither micrograph shows unequivocal evidence d 
systematic aggregation of the particles in all parts of the field, although 
there is some suggestion of a thread-like aggregation in localized areas of 
Fig. 2. It is doubtful whether this appearance is wholly an artifact, 
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since the orientation of the threads is independent of the direction of 
shadows, though it is possible that the thread appearance was produced 
in the drying process. Calculations from measurements of the images 
give a diameter of about 10 to 20 my for the particles of predominant size. 
Ultraviolet Absorption—The ultraviolet absorption spectrum of Prepara- 
tion Al78-PIII-EI (Text-fig. 2) shows a maximum at 2780 A, in the region 
typical of most proteins. The dependence of optical density on concentra- 
tion was essentially linear, as determined at the maximum. 
Electrophoresis—Examination of Preparation A178-PIII-EI (Table I) 
in veronal buffer of pH 8.6 and ionic strength 0.1 showed two well defined 
components, one, with mobility —3.5 X 10~* cm.? sec. volt, comprising 
71 per cent, and the other, with mobility —7.17 X 10-*, comprising 29 
per cent of the total electrophoretic area. In a further experiment, 15 ml. 


_ of the same preparation were centrifuged twice for 20 minutes at 40,000 





X g each time, the supernatant fluid being collected with a pipette. Tests 
of the final supernatant fluid showed that approximately 28 per cent 
of the initial nitrogen, but very little of the inhibitory activity, had been 
sedimented. Electrophoresis in phosphate buffer of pH 7.2 and ionic 
strength 0.1 showed again two components with mobilities of —3.05 and 
—7.54, comprising 70 and 30 per cent, respectively, of the total area. 


DISCUSSION 


Identity of Inhibitor—Various properties of the preparations obtained 
here indicate that the egg white inhibitor of influenza virus hemagglu- 
tination is a carbohydrate-containing protein of high molecular weight. 
While the data are not yet sufficient to allow identification with a recog- 


. nized egg white component, the number of possibilities has been reduced 


considerably. 
Since the inhibitor can be purified at least 62 times on a nitrogen basis, 


' it is evident, on simple assumptions, that the inhibitory activity cannot 


de associated with any component which contributes more than about 
1.6 per cent of the total egg white nitrogen. Ovalbumin, conalbumin, 
and ovomucoid (ovomucoid-a (21)) are ruled out by this criterion (22); 
purified ovomucoid (15) was found inactive by direct test. The fast 
moving component F, recently described (23), and components G2 and 


| G3 (22) have not yet been isolated for direct study. Crystalline lysozyme 





(24), identified with Gi (25), had essentially no inhibitory capacity. 
Avidin (26, 27) has a sedimentation constant of 4.7 S (27) in contrast 
with 31 to 37 S for the inhibitor. Semipurified inhibitor at pH 7.2 and 8.6 
shows a slow moving electrophoretic component in the globulin-ovo- 
mucoid area and a fast moving component with mobility similar to that 














1284 INFLUENZA VIRUS HEMAGGLUTINATION. I 


of the F component. Further experiments to clarify the relation of jp. 


hibitor to these components are under way. 

From another point of view the behavior of the inhibitor during frag. 
tionation and the properties of purified inhibitor suggest a possible iden. 
tity with ovomucin (ovomucoid-8 (21)). While such an identification 
would accord with the properties of virus inhibitors from other sources 
(2, 4, 17, 28), it must be noted that ovomucin is stated to be completely 
insoluble after precipitation (21). In contrast, solutions of purified jp. 
hibitor were obtained with activities one-third to one-half that of egg 
white on a volume basis (Tables I and III). 

Correlation of Physical Data—Studies of semipurified inhibitor with the 
ultracentrifuge reveal (Text-fig. 1) a single, slightly diffuse boundary and 
a sedimentation behavior similar to that of spheres with hydrated density 
of 1.25 and mean diameter of about 15 my. Electron micrographs show 
spheroidal particles of such size occurring predominantly in groups of 
indefinite configuration or in threads (Fig. 2). There is little doubt, at 
present, that the particles observed with the microscope are related to 
the sedimentable component. Furthermore, studies with the quantity 
ultracentrifuge (e.g., Table II) indicate that the sedimentable component 
carries a great part, if not all, of the inhibitory activity; 70 to 80 per cent 
of the activity is sedimented in 60 to 90 minutes at 67,000 X g. 

The hypothesis of spheres is inconsistent, however, with evidence from 
viscosity studies, which indicates that the inhibitory activity is associated 
with highly asymmetric particles. The specific viscosity of Preparation 
A178-PIII-EI (Table I, purification factor 41) was linear with concentra- 
tion from 0 to 150 y of N per ml. and had the value 0.255 at 100 y of N 
per ml. (18). Since, as a first approximation, this specific viscosity can 
be attributed entirely to the inhibitor, a preparation with purification 
factor 62 would have a specific viscosity of 0.255 at only 66 y of N per ml. 
(cf. (18)). Assuming that the inhibitor particles are rigid prolate ellip- 
soids with hydrated density of 1.25, one may calculate a minimal® vis- 
cosity increment (29) of about 500, an axial ratio of about 90 (30), anda 
frictional coefficient (f/fo) of about 3.9 (31); these values are not greatly 
dependent on the assumed magnitude of hydration. Taken with the 
sedimentation constant 31 S, the frictional coefficient 3.9 yields a minimal 
molecular weight® of about 7.6 x 10° (31), corresponding to rod-like par- 
ticles with dimensions about 5 my wide by 450 mu long. Particles of such 


5 Minimal because the particles are probably oriented during the measurement 
of viscosity. 

* The molecular weight is minimal, since the sedimentation constant has not bee 
corrected for the viscosity due to the solute. Furthermore, the minimal viscosity 
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dimensions would be discernible, but they do not appear in the available 
electron micrographs. 

The discrepancy between the micrograph data and the predictions from 
the viscosity-sedimentation data may be accounted for by several sup- 
positions: (a) the micrograph images may be artifacts, their shape bearing 
little relation to the shape of particles suspended in buffer; and (b) the: 
inhibitory activity may be associated with flexible rods or branched chains, 
rather than with rigid rods. The experimental data are inadequate at 
this time for further speculation on the structure of the particles. 

Quantitative Relation between Inhibitor and Virus—With the most active 
preparations of semipurified inhibitor, 0.004 y of N is sufficient to inhibit 
the hemagglutinating activity of 1 hemagglutinating dose of heated in- 
fluenza virus of swine, corresponding to about 0.04 y of N of the purified 
virus preparation. One particle of virus, assumed spherical, with a radius 
of 58 mu, density 1.100, partial specific volume 0.850 (32), and nitrogen 
content of 9.0 per cent of the dry weight (33), contains about 4.9 K 10-" 
gm. of N. The amount of inhibitor N needed to neutralize one virus 
particle is thus about 4.9 X 10~% gm. One particle of inhibitor, with a 
molecular weight of 7.6 X 10° (see above) and nitrogen content of 12.5 
per cent, contains about 1.6 X 10-% gm. of N. Accordingly, one may 
calculate that approximately three particles of inhibitor are sufficient to 
neutralize one particle of virus. For this calculation it is assumed that 
the inhibitor and virus preparations consist entirely of the active in- 
gredients. If the viscosity data are neglected and the inhibitor particles 
are assumed to be spheres with a hydrated density of 1.25, the molecular 
weight becomes about 1 X 10, and approximately twenty-three par- 
ticles of inhibitor are needed. 


SUMMARY 


By means of chemical or ultracentrifugal fractionation, the egg white 
inhibitor of swine influenza virus hemagglutination has been obtained in 
solutions up to 60 times as active as crude egg white. The inhibitory 
activity was associated with a highly viscous, heat stable, non-dialyzable 
component with the properties of a protein-carbohydrate complex. Analy- 
sis showed N 12.5, S 2.4, and carbohydrate, calculated as glucose, 10.3 
per cent; no phosphorus was found. An ultraviolet absorption maximum 
occurred at 2780 A. Electrophoretic analysis showed two components, 


one corresponding to the F component and the other to a member of the 
globulin-ovomucoid group. 





increment gives a minimal frictional coefficient and, again, a minimal molecular 
weight, 
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The active component sedimented to the extent of 70 to 80 per cent in 


90 minutes at 67,000 X g, and Lamm scale analysis showed a single, 
slightly diffuse boundary with a sedimentation constant of 31 to 37 §, 
Electron micrographs revealed spheroidal particles 10 to 20 mu in diame. 
ter, arranged in clusters of indefinite configuration or in threads. The 
mean diameter derived from the sedimentation constant on the assump. 
tion of spherical particles of hydrated density 1.25 was about 15 mp. In 
contrast, classical treatment of the sedimentation and viscosity data to- 
gether indicated a particle molecular weight of 7.6 X 10° for a rigid prolate 
ellipsoid with an axial ratio of 1:90. No evidence of such particles was 
seen in the electron micrographs. 
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bn EXPLANATION OF PLATE 4 
late ) Fie. 1. Electron micrograph of a preparation (UC-PI, Table II) of egg white 
wes inhibitor with a purification factor of 22 (see the text). The preparation, contain- 
ing 202 y of N per ml. in 0.06 m phosphate buffer at pH 7.2, was diluted 1:10 with 
water. Magnification, 60,000 x. 
Fig. 2. Electron micrograph of a preparation (A178-PIII-EI, Table I) of egg 
white inhibitor with a purification factor of 41. The preparation, containing 148 
| 7 of N per ml. in 0.06 m phosphate buffer at pH 7.2, was diluted 1:100 with water. 
Magnification, 60,000 X. 
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STUDIES OF ARTERIOVENOUS DIFFERENCES IN BLOOD 
SUGAR* 


IV. EFFECT OF INTRAVENOUS INSULIN AND SIMULTANEOUS 
GLUCOSE FEEDING 


By MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 


(Received for publication, March 1, 1949) 


This is a report dealing with the effects of insulin upon the rate of 
peripheral glucose assimilation during alimentary hyperglycemia. Avail- 
able information on the subject is rather scanty. Cori and Cori (1) 
showed that in rabbits the arteriovenous differences were nearly 50 per 
cent greater after glucose feeding and simultaneous insulin injection than 
after glucose feeding alone. Cori, Pucher, and Bowen (2) observed a 
similar response in six out of seven diabetic patients. The limited scope 
and nature of the information concerning this subject, which can be 
culled from the literature up to 1946, is fairly reflected by a brief résumé 
by Peters and Van Slyke (8), in which it is stated that “insulin has rela- 
tively little effect on alimentary hyperglycemia of normal subjects... 
It does tend to curtail the hyperglycemia and to exaggerate the terminal 
hypoglycemic reaction.” 

We hoped to obtain more detailed facts by means of the procedure 
and analytical technique which we employed in our previous studies of 
arteriovenous (A-V) differences (4). Healthy young men served as the 
subjects in these experiments, each undergoing two tests. First they 
were fed 50 to 100 gm. of glucose; in the second test from 3 to 5 units of 
insulin were injected intravenously simultaneously with the feeding of 
the same amount of glucose as in the first test. Changes in the arterial 
(capillary) and venous blood sugar levels were then observed at certain 
intervals in the course of 2 to 4 hours. It may be noted that we adhered 
to the practice of using rather small insulin doses. This was necessary 
in order to avoid, as far as possible, hypoglycemic states, the explicit 
purpose of our studies being the observation of insulin action during 
hyperglycemia. It will be seen from our results that we were not always 
successful in preventing hypoglycemia, even when the insulin dose was 
as small as 3 units. 

The results of four of these experiments are presented in Table I. As 
may be seen, insulin caused marked depression of both the arterial and 


* This work was aided by the David May-Florence G. May Fund. 
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venous blood sugar levels. 





INSULIN ACTION DURING HYPERGLYCEMIA 


As a matter of fact, in two subjects (Nos. ] 


and 2) the venous blood became hypoglycemic half an hour after the 


TABLE I 


Showing Response of Healthy Men to Insulin Injected Simultaneously with Oral 
Administration of Glucose 






































Subject 1 a is 
“ Glecies per 100 ec. ; Cheteee per 100 ce. 
Time after aes . | A-V A-V 
glucose feeding Arterial | Venous blood | difference Asterial | a difference 
n 100 gm. glucose ven mouth A en. glucose by mouth ‘ 
hrs. mg. | még. | mg. per cent mg. * ‘ae. at. prayer 
0 88.6 %4 | 2.2 90.5 86.9 | 3.6 
0.5 162.8 133.7 29.1 164.4 14.2 | 20.2 
1 163.4 132.3 31.1 158.8 149.6 | 9.2 
2 114.5 88.6 25.9 71.8 67.0 4.8 
3 63.7 62.1 1.6 
4 79.7 78.3 1.4 
cere 5 units insulin intravenously, 100 gm. 3 units insulin eunionie. and 50 oes 
glucose by mouth glucose by mouth 
0 87.8 g1.0 | 6.8 90.5 86.4 4.1 
0.5 110.2 68.1 62.1 96.1 75.6 20.5 
1 128.8 111.9 16.9 140.7 | 1382.6 8.1 
2 114.8 89.1 25.7 110.7 96.1 14.6 
3 84.2 82.6 | 1.6 
4 92.9 87.8 5.1 
Subject 4 i, ieee re 
50 gm. glucose by mouth 100 gm. glucose by mouth 
| ; art pri ae 
0 90.2 86.6 | 3.6 96.1 | 94.5 1.6 
0.5 203.3 178.8 | 24.5 165.8 142.1 23.7 
1 169.6 117.5 52.1 135.1 123.7 11.4 
2 62.7 | 54.3 8.4 141.2 115.3 25.9 
3 127.7 110.5 17.2 
= —— 4 units teatin intravenously, 50 gm. 5 units insulin intravenously, 100 gm. ' 
glucose by mouth glucose by mouth 
0 83.7 79.9 | 3.8 97.6 95.9 Lid 
0.5 117.2 88.6 | 28.6 | 78.3 71.6 6.7 
1 114.8 87.8 27.0 94.5 | 74.8 19.7 
2 70.2 57.0 13.2 113.4 100.4 13.0 
120.7 97.4 23.3 


eldd 


| 


| | 





* Arterial glycemic levels were determined in capillary (finger) blood. 


administration of glucose and insulin, while the arterial blood sugar, 
although substantially lower than in the tests without insulin, had risea 
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above the postabsorptive level. Insulin action was strongest in Subject 
5, as shown by the hypoglycemic states in both arterial and venous blood 
throughout an hour after the simultaneous administration of 100 gm. of 
glucose and 5 units of insulin. From the great depression of alimentary 
hyperglycemia it is obvious that the rate of over-all assimilation was 
considerably enhanced by as little as 3 units of insulin. Himsworth, 
in his brilliant studies dealing with the effect of dietary factors on insulin 
action (5), obtained similar results with the oral administration of 50 gm. 
of glucose and simultaneous intravenous injection of from 2.5 to 5 units of 
insulin. 

In regard to the peripheral action of insulin, the central object of these 
studies, the picture presented by our data was not so clear and simple. 
In some subjects, at some intervals after injection, the A-V difference 
showed that insulin enhanced the assimilation rate. In other subjects, 
however, glucose feeding alone increased the A-V differences to nearly the 
same extent as did glucose feeding with simultaneous insulin injection, 
as if insulin had not at all influenced peripheral assimilation. Finally, 
in some instances smaller A-V differences appeared with than without 
insulin, conveying the impression that insulin may have inhibited periph- 
eral glucose assimilation. All three of these variations appeared even 
in a single subject at various time intervals after the injection of insulin. 

This is a very confusing picture, indeed, but only until one applies to 
its interpretation two facts which we presented in previous papers. One 
of these facts is the close relationship that obtains between the extent 
of hyperglycemias and the magnitude of A-V differences; we have shown 
that in any healthy person increasing hyperglycemic levels entail increas- 
ing A-V differences (4). The second pertinent fact concerns the influence 
of hypoglycemia on A-V differences; we have found that hypoglycemia 
activates an insulin-antagonistic mechanism, with the consequence that 
peripheral insulin action is counteracted during hypoglycemic states, and 
this is reflected in a shrinkage of A-V differences (6, 7). Erroneous con- 
clusions can be avoided only if our results are analyzed in the light of 
these two facts. 

In Subject 1 (Table I), for instance, the A-V difference increased to 
52.1 mg. per cent in the course of $ hour after insulin injection, whereas 
with glucose feeding alone it had gone up to only 29.1 mg. per cent. This 
difference between the two responses, attesting to a marked action of 
insulin, is further accentuated by the fact that the greater increase oc- 
curred in spite of a lower hyperglycemic level. At the end of the second 
half hour period the A-V difference has appreciably decreased in the test 
with insulin. This, however, is the invariable sequel to the emergence 
of hypoglycemia in the venous blood, a sharp dip to 58.1 mg. per cent, 
which activated the insulin-antagonistic mechanism, which in turn frus- 
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trated peripheral insulin action. This defense reaction against hypo- 
glycemia prevailed only until the hypoglycemic effect of insulin had beep 
successfully combated and the excitation of the insulin antagonists had 
subsided. This was attained at the end of the 2nd hour, when the blood 
sugar again rose above the fasting level; at this point the A-V difference 
showed again a substantial increase. 

In a previous paper (7) we stated that it is arterial hypoglycemia that 
activates the insulin antagonists, while venous hypoglycemia fails to 
exert such an effect so long as the arterial blood sugar stays above its 
postabsorptive level. In those experiments, however, which led to this 
conclusion, the venous hypoglycemias were of rather slight degrees, 
whereas in the present experiment (Subject 1) the venous blood sugar 
decreased sharply by 22.9 mg. per cent within } hour. Venous hypo- 
glycemias of such substantial degrees apparently do stimulate the insulin- 
antagonistic mechanism, even while the arterial blood sugar maintains 
moderate hyperglycemic levels. 

That venous hypoglycemia of a minor degree exerts far less of this 
effect is shown by the response of Subject 2, who received only 3 units 
of insulin. As may be seen in Table I, this subject also developed venous 
hypoglycemia 3 hour after insulin injection, but the dip was only 108 
mg. per cent below the fasting level and apparently caused less shrinkage 
in the A-V difference than did the more intensive hypoglycemia in Sub- 
ject 1. It may be noted that the A-V difference at the half hour period 
in Subject 2 was much the same with and without insulin. If, however, 
one takes into consideration that in the test with glucose feeding alone a 
hyperglycemic level of 164.4 mg. per cent was necessary to produce a 
20.2 mg. per cent A-V difference, it is evident that in the second test it 
was the action of the injected 3 units of insulin that produced an A-V 
difference of the same magnitude, z.e. 20.5 mg. per cent, practically without 
any of the synergistic effect of hyperglycemia. It may be said, then, 
that the 3 units of insulin alone effected the increase in the rate’ of periph- 
eral assimilation, since our past experiments indicate that the slight 
rise of merely 5.6 mg. per cent in the arterial blood sugar that took place 
in Subject 2 does not measurably affect the A-V difference (4). This ex- 
periment shows emphatically the powerful stimulus upon the rate of 





peripheral glucose assimilation which can be exerted by as little as 3 


units of insulin. 

Subject 5 deserves especial attention because of his greater sensitivity 
to insulin (see Table I). In response to 5 units, injected simultaneously 
with the oral administration of 100 gm. of glucose, he promptly developed 
hypoglycemia not alone in the venous, but also in the arterial, blood, and 
the hypoglycemic state persisted through the entire Ist hour. This means 
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that insulin action was so potent that the rate of intestinal absorption of 
glucose was unable to cope with the rate of assimilation. The resulting 
hypoglycemia then activated the insulin-antagonistic mechanism. This 
reaction, as we know, is especially responsive to arterial hypoglycemia 
(7). As a consequence, the A-V difference increased to only 6.7 mg. 
per cent at the half hour period, a response resembling that observed after 
the injection of a similar dose of insulin in the postabsorptive state 
(6). Small as this increase in the A-V difference is, it still testifies to the 
fact that insulin action outstripped the antagonistic factors at the half 
hour period, but the balance was only slightly positive in favor of the 
insulin. During the second half hour interval, however (i.e., between 
30 and 60 minutes after injection), when the arterial blood sugar had 
nearly reverted to the postabsorptive level, the excitation of the insulin- 
antagonistic mechanism began to subside and insulin action gained gradual 
ascendency over it. As a result, the A-V difference increased at the 
end of this period to the substantial value of 19.7 mg. per cent, despite 
the continuing absence of arterial hyperglycemia, and despite the per- 
sistence of venous hypoglycemia. Insulin action here was quite powerful, 
more so than that indicated by the A-V difference, since the latter reflects 
the action of only that fraction of the 5 units which was not counteracted 
by the antagonistic factors. 

The response of Subject 4 (Table I) differed from that of the preceding 
three in that he developed no hypoglycemia after glucose feeding and 
the simultaneous injection of insulin. Nor did hyperglycemia reach any 
substantial degree. In fact, the action of 4 units was potent enough to 
prevent the venous blood sugar from rising higher than 88.6 mg. per cent 
at any time during the absorption of 50 gm. of glucose. This is in sharp 
contrast of 178.8 mg. per cent of venous hyperglycemia that developed after 
glucose feeding alone. Irrespective of the pronounced insulin action in 
the body as a whole, however, a distinctly lower peripheral assimilation 
rate is apparent in Subject 4 with than without insulin, as if insulin had 
acted as an inhibitor. Unlike the other three cases, no hypoglycemia 
had occurred in Subject 4; so that the lower A-V differences in the second 
test are entirely due to the fact that the blood sugar stayed at relatively 
low levels after insulin injection. As may be noted in Table I, the maxi- 
mal arterial hyperglycemia after the ingestion of 50 gm. of glucose in 
this instance was 203.3 mg. per cent, whereas when 4 units of insulin were 
injected simultaneously with glucose feeding the maximum was only 
117.2 mg. per cent. This great discrepancy was the factor which so 
effectively masked the action of insulin on peripheral assimilation, a 


factor which requires correction if valid comparison of the two tests is 
to be made. 
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While it appears impossible to find a way for a quantitative correc- 
tion of the effect of the insulin-antagonistic factors, we can offer a formula 
which permits of correction for differences in the hyperglycemic levels, 
The correction involves the following steps. In the first place, we add up 
the A-V differences that were determined at various intervals during ali- 
mentary hyperglycemia, and designate this sum as the ‘‘peripheral assimi- 
lation index.” This sum, introduced in a previous study (6), furnishes 
an integrated picture of the peripheral assimilation for the entire period 
of the experiment. Likewise we summarize the increment in the arterial 
glycemic level at the corresponding intervals and denote this sum as the 
“hyperglycemic sum.’’ For comparison of peripheral assimilation rates 
obtained in two experiments, the ratios, assimilation index to hyperglyce- 
mic sum, are brought to a common denominator. This correlation of the 
data yields the “relative assimilation index,” which permits comparison 
of two assimilation indices with the elimination of the influence of the 
difference in the hyperglycemic levels. This calculation is based on the 
premise that, in any single healthy person, the increase in A-V differences 
during alimentary hyperglycemia is roughly proportional to the increase 
in the arterial glycemic level. Hence, if any added factor, as for instance, 
injected insulin, changes this relationship, the change can be ascribed to 
the action of this added factor. It is inherent in the nature of physiologic 
processes that our premise is of limited validity, but calculations on a 
number of examples convinced us that the relative assimilation index is 
a useful tool for the evaluation of changes in A-V differences whenever 
the influence of the hyperglycemic factor is to be discounted in order to 
permit accounting for the effect of another factor. 

An example given in Table II may help to elucidate the meaning and 
calculation of the relative assimilation index. Two tests are recorded 
here which were performed on a healthy person. Although identical 
doses (50 gm.) of glucose were administered in both tests, considerably 
higher hyperglycemic levels were produced in the second test by injec- 
ting part of the glucose (15 gm.) intravenously and feeding by mouth 
only the remaining 35 gm., whereas in the first test all of the glucose was 
fed by mouth. It may be seen that, in line with our past observations | 
(4), the higher hyperglycemic levels entailed greater A-V differences. 
This is expressed in the assimilation index, which in the second test was 
75, as against 47 in the first test, a difference of about 70 per cent. Now, 
if, by applying the formula given in the foot-note below Table II, one 
reduces the assimilation index of the second test to the same lower hyper- 
glycemic level that prevailed in the first test, one obtains the relative 
assimilation index for the second test. This figure (Column 7, Table Il) 
means that the assimilation index of the second test would be approxi 
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mately 41.6 if the hyperglycemic levels were the same as in the first test. 
Comparison of this relative assimilation index with the actual assimilation 
index of the first test (which was 47.2), shows a close agreement between 
the two. (A similar agreement is, of course, in evidence when one calcu- 
lates the assimilation index of the first test for the hyperglycemic levels 
of the second test; this figure, 85.2, is fairly close to 75.0, the actual as- 
similation index of the second test.) 

This is the approach we used for the evaluation of insulin action on the 




















Tas_e II 
Method of Calculation of Assimilation Index and Relative Assimilation Index 
{ ' 
Time after iy | Sten aes Vv | ap ee Relative as- 
a ge Ps pan | Seoting tod Po slyeemie sum | = = 
(2) | (3) (4) (S) (6) | (7) 
50 gm. glucose by mouth 
hrs. mg. per cent | mg. per cent | mg. per cent | 
0 (88.6) 0 (6.0) | | 
0.5 94.4 5.8 19.4 | 
1 121.5 32.9 16.2 | 
2 102.6 14.0 M6 | 52.7 | 47.2 | (85.2) 
15 gm. glucose intravenously, 35 gm. by mouth 
} 
0 (89.1) 0 (6.5) | | 
0.5 161.7 72.6 43.2 
1 108.3 19.2 a... | 
2 92.6 3.5 9.9 | 95.3 | 75.0 41.6 

















* Sum of quantities in Column 3. 
t Sum of quantities in Column 4. 


52.7 95.3 
75. —— = 4], : —— = ; 
t 0X O53 1.6, or 472 X Boa 85.2 


rate of peripheral assimilation during alimentary hyperglycemia. For 
each subject we calculated the relative assimilation index for the first 
test; t.e., we calculated what the assimilation index would be after glucose 
feeding alone if the hyperglycemic levels had not risen higher than in the 
tests in which insulin was injected simultaneously with glucose feeding. 
The data used in the calculations, and the results, recorded in Table III, 
illustrate how misleading it would be to evaluate insulin action on the 
basis of A-V differences without being aware of their relationship to the 
glycemic levels. From the magnitude of the actual assimilation index 
(sum of A-V differences), one would conclude that in only two of our five 
subjects (Nos. 1 and 2) did an increase in the rate of peripheral assimila- 
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tion occur as a result of insulin injection, and even that increase was insig- 
nificant. In one subject (No. 3) there was no change, while in two others 
(Nos. 4 and 5) insulin seemingly depressed peripheral assimilation. But 
the picture changes if we consider the relative assimilation index, the value 
of which is given in the last column of Table III. Comparison of the two 
tests on this basis shows in every instance a definite enhancement of the 
peripheral glucose assimilation by injected insulin. When this effect was 
seemingly absent, it was partly due to the depression of the alimentary 
hyperglycemia in the tests with insulin injection, and partly to the handi- 
cap under which insulin labored when hypoglycemic states led to the 
mobilization of insulin-antagonistic factors. 


TABLE III 


Showing That, Relative to Hyperglycemic Levels, Peripheral Glucose Assimilation Is 
Enhanced by Insulin Injected Simultaneously with Glucose Feeding 















































Rise of arterial blood sugar above fasting level, 
and A-V differences, at intervals o Relative 
: —| H - | Assimi- . 
Subject | Insulin dose 0.5 hr. 1 br. 2 hrs. poaak| bien asin 
° sum index wn 
Blood Blood Blood 
sugar AV net A-V sugar A-V 
units 
1 None 74.2) 29.1 74.8) 31.1 25.9) 25.9 | 174.9 86.1 44.5 
5 22.4) 52.1 41.0) 16.9 27.0| 25.7 90.4 94.7 
2 None 73.9) 20.2} 68.3) 9.2 |—18.7) 4.8 | 142.2 | 34.2] 17.6 
3 5.6} 20.5 50.2) 8.1 20.2) 14.6 76.0 43.2 
3 None 92.6) 31.4 | 105.3) 49.2 24.5) 29.1 | 222.4 99.7) 84.4 
5 97.0) 45.1 49.5) 26.7 41.7| 27.3 | 188.2 99.1 
4 None 113.1) 24.5 79.4) 62.1 0.4; 8.4} 192.9 85.0 | 28.6 
4 33.5) 28.6 eee) 27.0 |—13.5) 13.2 64.4 68.8 
5 None 69.7) 23.7 39.0) 11.4 45.1) 25.9 | 153.8 61.0 6.3 
5 19.3) 6.7 | -3.1| 19.7] 15.8 13.0] 15.8| 39.4 
SUMMARY 


Alimentary hyperglycemia of healthy persons is effectively suppressed 
by insulin when injected intravenously and simultaneously with oral 
glucose feeding. Doses as small as from 3 to 5 units may cause hypogly- 


cemic states in subjects who, without injected insulin, develop substantial _ 


degrees of hyperglycemia after ingestion of the same amount of glucose. 
This fact indicates that the physiological insulin requirement of healthy 
persons is very small. 

Insulin effect on the rate of peripheral assimilation during alimentary 
hyperglycemia cannot be judged on the basis of A-V differences (and the 
assimilation index), without taking into account two factors: (1) the 
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sig insulin-antagonistic sequel of hypoglycemia, and (2) the functional re- 
ers lationship between hyperglycemic levels and A-V differences. The first 
3ut_) of these two factors is not amenable to measurement. An approxi- 
lue mately quantitative correction for the influence of the hyperglycemic 
WO factor, however, is feasible. If such a corrected quantity, designated as 
the the “relative assimilation index,”’ is used for evaluation of A-V differences, 
vas it was found that insulin invariably enhances the rate of peripheral glucose 
ary | assimilation when injected intravenously simultaneously with glucose 
\di- feeding. 

the 
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THE REACTION OF CATALASE AND CYANIDE* 


By BRITTON CHANCEf 


(From the Biochemical Department of the Medical Nobel Institute, Stockholm, Sweden, 
and the Johnson Research Foundation, University of Pennsylvania, Philadelphia) 


(Received for publication, October 20, 1948) 


Previous work has suggested that the inhibition of catalase activity 
by cyanide is of the non-competitive type. This is remarkable, because 
both cyanide and peroxide are considered to combine with the iron atom 
of a hemoprotein. In this paper, the mechanism of the cyanide inhibition 
of catalase is studied in detail. First, kinetic and equilibrium measure- 
ments show that the reaction of catalase and cyanide is in accordance with 
the law of mass action and that the three or four catalase hematins act 
independently. Second, an improved method for the determination of 
catalase activity (1) has been used to measure the inhibition of catalase 
activity by cyanide. The dissociation constants of catalase cyanide calcu- 
lated from the data obtained in these two cases are in agreement and 
verify non-competitive inhibition. This result is explained by the assump- 
tion that only a portion of the three or four catalase hematins is bound to 
peroxide during the destruction of hydrogen peroxide. This assumption 
is strongly supported by the recent finding of tue intermediate compound 
of catalase and hydrogen peroxide, which probably has only one hematin 
bound to hydrogen peroxide (2). 

The non-competitive inhibition of catalase activity by cyanide is in 
striking contrast to the analogous studies of the cyanide inhibition of 
peroxidase activity in which classical competitive inhibition was demon- 
strated in detail (3). Peroxidase, however, has only one hematin group 
and does not catalyze the decomposition of hydrogen peroxide into water 
and oxygen. 

The reaction kinetics of the formation and dissociation of catalase 
cyanide have been studied spectrophotometrically by the rapid flow 
technique. The dissociation constant of catalase cyanide calculated from 
these kinetic data is in agreement with that obtained from titration and 
activity data. The velocity of combination of catalase and cyanide is 
not affected by the presence of hydrogen peroxide (4). 


* This is Paper 1 of a series on catalases and peroxidases. 
t John Simon Guggenheim Memorial Fellow (1946-48). Present address, Johnson 
Research Foundation, University of Pennsylvania, Philadelphia. 
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The small effect of varying pH upon the dissociation constant of catalase 
cyanide indicates that the reaction studied under these conditions is 


kg 








Cat(OH). + 4HCN —7— Cat(CN), + 41,0 a) | 


in which the hydroxyl group found by Agner and Theorell (5) is replaced 


by the cyanide ion. Since it is found here that the four hematin group, | 


of blood catalase act independently, the reaction is written, 


FeOH + HCN = FeCN + H:0 (2) 
For these purposes the concentration of water is omitted and the apparent 
dissociation constant is conveniently evaluated on a hematin iron basis ag 
follows: 
[HCN][FeOH] 
Ki= —TFeCN] (3) 
The dimensions of K, are moles per liter. 

Preparations—The catalase preparations were purified by Dr. R. K. 
Bonnichsen, to whom many thanks are due. Their optical densities were 
measured spectrophotometrically in the Beckman spectrophotometer, and 
their concentrations are calculated from the extinction coefficients, é 
= 340 cm.-! X mm for the horse liver catalases, and €4, = 380 cm~ 
>< mm for the horse blood catalases (1). The cyanide solutions wer 
freshly made up before the experiments, but were found to be reasonably 
stable for a few days as determined from titrations by Liebig’s method. 

Soret Band of Catalase Cyanide—The Soret band of catalase cyanide 
can be measured in the Beckman spectrophotometer (6, 7) and has a peak 
at 425 mu where e = 319 cm.’ X ma for erythrocyte catalase and 274 
cm.—! X mm for a three-hematin liver catalase. Catalase and catalase 
cyanide are isosbestic (have the same extinction coefficient) at 417 mp 
Catalase and catalase hydrogen peroxide are isosbestic at 435 my (2), 
and, because some measurements are made in the presence of hydrogen 
peroxide, this wave-length is used for kinetic studies. 

Velocity Constant for Combination of Catalase and Cyanide—The reac- 
tions represented by Equation 1 are fairly fast but can be measured by the 
rapid flow apparatus (8). Since later data show that k. of Equation 1 i 
about 3 sec.~', ks can only be measured without correction for ks by using 
a large excess of cyanide, and this precaution has been observed, as shown 
by the data of Table I. Thus k; is found to be 9 X 10® m™ X sec. 
In the presence of hydrogen peroxide, ks is found to be 8 X 10° m™ X 
sec.—1, 
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Velocity Constant for Dissociation of Catalase Cyanide—The reaction of 
silver ion with cyanide 


Agt + 2CN~ -— Ag(CN): (4) 


has been utilized to reduce the cyanide concentration rapidly and hence to 
cause the dissociation of catalase cyanide. A buffered catalase solution is 
saturated with cyanide and then is mixed with less than an equivalent of 
unbuffered silver nitrate solution in the rapid flow apparatus. The de- 
crease in the concentration of catalase cyanide is followed spectrophoto- 
metrically at 425 mu. Table II shows that the velocity constant, 3.2 


TaBLE I 
Velocity Constant for Formation of Catalase Cyanide in Presence or Absence of 
Hydrogen Peroxide 
1.1 um of Fe horse liver catalase, 0.01 m phosphate buffer, pH 6.5; A = 435 my 
(Experiments 82a and 82b). 


























Initial cyanide concentration, pa 50 | 200 | 20 50 200 
‘“* hydrogen peroxide concentra- 0 0 10 10 10 
tion, uM | 
Reaction velocity constant, ks, um! X 9.0 9.0 9.0 8.0 7.5 
sec? X 107% | 
TaBLeE II 
Velocity Constant for Dissociation of Catalase Cyanide 
0.54 um of catalase and 10 um of cyanide; \ = 425 mu (Experiment 317). 
0.01 mu phosphate, pH 7.0 0.01 m acetate, pH 4.6 
ere i Pee wane en _— 
Silver ion concentration, uw.........| 5 Mm: be ob & 10 20 
I ccd nce odin, cankeer | 3.6 | 3.3 | 28/28 | 2.6| 3.3 











sec.—', is very nearly independent of the silver ion concentration. Thus 
the limiting step in the reaction is the dissociation of catalase cyanide and 
the average values of the velocity constant, ks, are 3.2 sec. at pH 7.0 
and 2.9 sec.-' at pH 4.6. This very large increase of hydrogen ion con- 
centration has a nearly negligible effect upon ks, and the formation of 
water according to Equation 2 is thereby substantiated. 

The dissociation constant of catalase cyanide is k¢/ks = 3.2/(9 X 105) 
= 3.6 X 10~ M, in fair agreement with the values obtained from spectro- 
photometric and activity data in the following experiments. 

Dissociation Constant of Catalase Cyanide—The changes of optical 
density at 425 my upon the addition of measured amounts of cyanide to 
catalase have been measured in the Beckman spectrophotometer. The 
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relation between the experimental values of free catalase (FeOH), catalase 
cyanide (FeCN), and hydrocyanic acid (HCN) is shown by the 45° straight 
line of Fig. 1 to be in accordance with the logarithmic form of Equation 3 

log hex + log [HCN] = log K; (5) 
The dissociation constant (K;) is 4 X 10-* m with one cyanide bound to 
each hematin group. These experiments have been carried out over as 
wide a range of values of FeOH/FeCN as the accuracy of the spectropho. 
tometer permits in order to obtain any evidence of interaction between 
the four catalase hematins. Over the range from about 7 to 98 per cent 
saturation of catalase with cyanide there is no change of the dissociation 
constant of catalase cyanide in excess of the experimental error, and thus 
there is no detectable heme-heme interaction. 


TaBte III 
Effect of Change from pH 7.0 to 4.6 upon Dissociation Constant of Catalase Cyanide 
\ = 425 mu (Experiment 285). 








Corrected optical density of catalase cyanide 





Cyanide added 























Oum | 3.3mm | 6.7 uM | 10 wt 20 wt 
pH 7.0, 0.01 m phosphate............. 0.087 | 0.111 | 0.130 | 0.138 | 0.148 
| 0.137 0.144 


** 4.6, 0.001 * Pi ane, Ga shs.08 dis 0.082 | 0.112 | 0.131 








In accordance with tests which showed that the dissociation constant of 
peroxidase cyanide is independent of pH from 4.2 to 6.2 (3), Table II] 
shows that the dissociation constant of catalase cyanide is also indepen¢- 
ent of pH in the region 4.6 to 7.0. In this experiment, cyanide was added 
to two catalase solutions of nearly identica) concentration at pH 4.6 and 
7.0. At pH 4.6, sufficiently dilute phosphoric acid was used to avoid 
forming the catalase-phosphate complex (5). In a similar experiment, 
K, is found to be about 3 times greater at pH 9.3 than at pH 7.0. 
th» The competition between formate and cyanide for catalase hematin is 
clearly shown by the data of Table IV. At pH 4.0, formate has a high 
affinity for catalase (K = 10-* m (5)) and decreases the amount of catalase 
cyanide. This competition shows that cyanide and formate attach to 
the same place on catalase hematin. At pH 7.0, the affinity of formate 
for catalase is much less (K = 7 X 10-* m (5)) amd the concentrations of 
formate employed cause no effect upon catalase cyanide. 

Effect of Cyanide upon Destruction of Hydrogen, Peroxide by Catalase— 
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A modified technique for measuring catalase activity with a minimum of 
inactivation has been used to redetermine the dissociation constant of 


_) catalase cyanide from activity data. 


The extinction coefficient of hydrogen peroxide at 215 my is sufficiently 
large to permit the measurement of the disappearance of a few mm with 
good accuracy in the Beckman spectrophotometer. Dilute peroxide (~ 1 
mm) gives a few very small bubbles of oxygen at the end of the reaction, 


| which cause no significant error. The optical density of the dilute cata- 


lase solution employed in the activity test (~1 X 10-* M) is so small that 
it is negligible. The spectrophotometer is allowed to run for about 15 
minutes or more so that the light intensity and the “dark current” (ampli- 
fier plate current) are not drifting rapidly and do not require adjustment 
during the kinetic test. 


TaBLe IV 
Competition between Cyanide and Formate for Catalase Hematin 


0.86 um of horse blood catalase and 130 um of cyanide; A = 425 my (Experiment 
321). 





Corrected optical density 





Formate added 














0 um 65 uM 19S uu $10 wm 1720 uu 
pH 7.0, 0.01 m phosphate............. 0.257 | 0.258 | 0.259 | 0.260 | 0.258 
TONS GHRONE ok is vevcawes 0.267 | 0.258 | 0.228 | 0.202 | 0.190 





In inhibition studies, the catalase and cyanide are added to the cuvette, 
and the spectrophotometer is adjusted. The peroxide is delivered onto a 
stirring rod and is rapidly stirred into the cuvette, and the stop-watch is 
started. Readings of the optical density of the hydrogen peroxide solu- 
tion are taken every 10 or 15 seconds for the Ist minute. It is desirable to 
“track” the density change continuously and to read off the density values 
at the appropriate intervals. The final value of density is measured and 
subtracted from each reading of optical density. The reaction velocity 
constant is calculated from the formula 


2.3 ZH 
= log — 6 
e(ls — ti) sag © 





1 


where k; is the velocity constant for the destruction of hydrogen peroxide 
by catalase, ¢ is the catalase concentration in moles per liter, 2; is the opti- 
cal density at t;, and 22 is the optical density at fz. This form of the equa- 
tion is used because the value of optical density at = 0 cannot be obtained 
when the hydrogen peroxide is added last. 
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This method has much to recommend it, since it is much more conve. 
nient and just about as accurate as the titrimetric method described pre. 
viously (1). The value of k, for horse blood catalase at 25° is the same 
according to both methods (3.5 & 10’ m~ X sec.~). 














i 
3.0 + : | 
c 
[FeOH] 
LoglO* cn] 
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Log 10° [HCN] 


Fic. 1. The dissociation constant of catalase cyanide, K; = [FeOH] [HCN)/ 
[FeCN], determined from spectrophotometric data (@) and inhibition data (A), 
The spectrophotometric data were obtained in the Beckman spectrophotometer 
with a wave-length of 425 my and 0.9 um of horse blood catalase. The inhibition 
data were determined from the kinetics of hydrogen peroxide disappearance meas- 
ured at 215 my in a solution containing 1 mm of hydrogen peroxide and 1 X 10-'y 
horse blood catalase. Ry, the uninhibited rate, = 3.5 X 107 wm! sec.-'. Rr is the 
inhibited rate. All experiments were made in 0.01 m phosphate buffer, pH 7.0 at 
25° (Experiment 315). 


The dissociation constant of catalase cyanide is calculated from the 
inhibition data by the formula 


R, [HCN] 


seed m 


Kr 


which has been used previously in studies of peroxidase inhibition (3). 
Rp is the uninhibited rate (3.5 X 10’ X sec.) and R, is the inhibited 
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rate. The data are plotted by using the logarithmic form of Equation 7, 
and are represented in Fig. 1. These points agree very well with the 
spectrophotometric data: the dissociation constant of catalase cyanide 
obtained from spectrophotometric data (4 X 10-* m) is very nearly identi- 
cal with the dissociation constant obtained from the inhibition data (4.7 
X 10-* m). 


DISCUSSION 


The velocity constant for the combination of catalase and cyanide (9 
xX 105m X sec.—') and the dissociation constant of catalase cyanide (4 
X 10 m) are similar to the corresponding values for peroxidase cyanide 
(1 X 10° mu &X sec.-!, 4 X 10-* om (8)), although cyanide combines with 
and dissociates from peroxidase more slowly than from catalase. 

The measured values of the dissociation constant of catalase cyanide 
are not altered over the range from 7 to 98 per cent saturation of catalase 
with cyanide, and therefore there is no detectable heme-heme interaction 
in the binding of cyanide to the three hematins of liver catalase. This is 
in accord with the results of later tests with methyl hydrogen peroxide (9). 

In their ‘magnetic titrations” of catalase with cyanide, Theorell and 
Agner (10) noted that the curves of magnetic susceptibility versus cyanide 
concentration (cf. (10), Figs. 1 and 2) did not follow a straight line but were 
bent before saturation of catalase with cyanide ion occurs and attributed 
this effect to heme-heme interaction: cyanide ion bound to 1 or 2 of the3 
hematin iron atoms alters the magnetic susceptibility of the free hematin 
iron atoms. But the curvature they found is caused by the dissociation 
of catalase cyanide. Their data follow the theoretical titration curve 
expected for 600 um of hematin iron catalase and K; = 3 X 10*m. There- 
fore, their magnetic data support the conclusion that there is no detectable 
heme-heme interaction in catalase cyanide. 

The nature of the reaction of catalase and cyanide as given in Equation 
1 is verified by these experiments. In the equilibria for catalase hydroxide 
and hydrogen cyanide, 

FeOH ——Fet + OH-, K = 107 (8)! 

HCN -—— Ht + CN, K = 10°*? (9) 
the product [Fe] [CN-] is nearly constant over the range pH 8.7 to 3.8 
(14 — 10.2); over this pH region [Fet] is increasing as rapidly as [CN-] is 
decreasing. Both [Fet], and [CN-] are so small that [FeOH] and [HCN] 
are nearly constant. This has been verified by the experimental data 
which show no increase of K; at pH 4.6 and some increase at pH 9.3 com- 
pared with the values found at pH 7.0. 


1See Agner and Theorell (5). 
*See Coryell, Stitt, and Pauling (11). 
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This reaction of catalase hydroxide and hydrocyanic acid differs from 
that found by Coryell, Stitt, and Pauling (11) in their studies of feryi. 
hemoglobin cyanide. First, the dissociation constants of the heme. 
linked hydroxyl groups differ (10-*-” for ferrihemoglobin and 10-™ 
for catalase). Second, the effect of the hydroxyl group upon the spectra 
of these hemoproteins is quite different; no shift has yet been detected in 
the catalase spectrum due solely to the formation of catalase hydroxide, 
while the shift from acid to alkaline ferrihemoglobin gives an obvious 
color change. Nevertheless, the data of Agner and Theorell clearly show 
that the hydroxyl group in catalase can be displaced by anions which do 
give a spectrophotometrically detectable effect and which inhibit catalase 
activity. Therefore catalase has a heme-linked hydroxyl group (5). 

Further proof that the hydroxyl group is attached to catalase hematin 
is given by the competition between formate and cyanide at pH 40, 
Thus cyanide and formate appear to attach to the same place on catalase 
hematin, which, in the case of cyanide, is recognized to be at the iron atom 
of catalase (10). Therefore the hydroxyl and formate ions also attach to 
the iron atom. 

The excellent agreement between the determinations of the dissociation 
constant of catalase cyanide from spectrophotometric and from activity 
data, typical of non-competitive inhibition, confirms the relatively crude 
tests of Zeile and Hellstrém (12). This result is a distinct contrast to the 
results obtained in the cyanide inhibition of peroxidase activity (3). 

The non-competitive inhibition of the activity of catalase by cyanide 
has been recognized for some time, and the only suitable explanation that 
could be offered previously in view of the then accepted ‘‘Michaelis con- 
stant” (~0.025 m) for catalase activity was that peroxide and cyanide 
did not combine at the same place on catalase hematin (13). This 
“Michaelis constant” for catalase activity has recently been shown to be 
an artifact due to catalase inactivation during the kinetic test (1). 

An alternative explanation is that catalase hematins are not all bound 
to hydrogen peroxide during the destruction of hydrogen peroxide. The 
free catalase hematins can then combine with cyanide in a “non-compet+ 
itive’ manner. This explanation is in accord with these experiments 


*The usual concepts of competitive and non-competitive inhibition have bee 
evolved from considerations of the simple Michaelis theory. However, it has beet 
suggested that the mechanism by which catalase decomposes hydrogen peroxide into 
oxygen and water involves consecutive reactions of hydrogen peroxide with catalase 
and with the catalase-hydrogen peroxide complex (14). In such a reaction, the 


steady state concentration of the catalase-hydrogen peroxide complex may no | 


reach‘a value corresponding to all hematin groups bound to peroxide and may bt 
quite’ independent of the hydrogen peroxide concentration. For this reason, the 
inhibition catalase activity by cyanide will be independent of peroxide concentr* 
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and with the properties of the intermediate compound of catalase and hy- 
drogen peroxide which has recently been discovered (2). Both titration 
and spectrophotometric data (2) suggest that not all catalase hematinsare 


bound to peroxide in this complex. 


TABLE V 


Inhibition of catalase activity may be 


Summary of Determinations of Dissociation Constant of Catalase Cyanide on Basis of 


Activity Data 


























Rapid 
metric | Titrimetric | Titrimetric| Titrt | Mano- | manometric | *2ectto- 
metric 
Temperature, 0 0 0 0 18 0 25 
"v. 
Initial hydro- 4 1.8-9.0 5 10 4.5 5.0 1.0 
gen peroxide 
concentra- 
tion, mu 
Dissociation 1.0 1.0 0.8 6.3 4.6 3.4 4.7 
constant, M 
XxX 10 
Reference Wie- |Von Euler |Ziele and|Stern |Keilin (Lemberg |This 
land| and Hell- (16) | and and paper 
(15) | Joseph- strom Har- Foulkes 
son (13) (12) tree (18) 
(17) 























caused by the combination of cyanide with these free catalase hematins 
according to Equation 10. 














HOFe—Fe00OH NCFe—Fe00H 
+ 3HCN -— z + 3H,O (10) 
HOFe—FeOH NCFe—FeCN 


These catalase hematins which become blocked by cyanide in this manner 
must have been active in the destruction of hydrogen peroxide; otherwise, 
no inhibition would be caused by the reaction of Equation 10. 

The results of several determinations of the dissociation constant of 





tion, “‘non-competitive;” in spite of the fact that both cyanide and peroxide can 
combine with catalase hematin, they need not compete for the same catalase hem- 
atin group in order to inhibit catalase activity. On the other hand, direct com- 
petition between peroxide and cyanide for the same hematin group will occur at 
cyanide concentrations greater than those required to inhibit the activity, and this 
reaction is studied spectrophotometrically in detail (see Chance (4)). 
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catalase cyanide based on activity studies are summarized in Table V, 
It is clear that the more recent determinations with pure catalase give 
consistently higher values than those obtained by the earlier workers who 
used cruder preparations (with the exception of Stern). This effect jg 
not due to temperature alone, because Lemberg and Foulkes’ data taken 
at 0° agree with Keilin and Hartree’s and these data. Apparently the 
purer catalases are less sensitive to cyanide than are the cruder solutions. 


SUMMARY 


1. The velocity constant for the combination of catalase and cyanide 
is 9 X 105 X sec... The velocity constant for the dissociation of catalase 
cyanide is 3.2 sec.-! at pH 7.0 and 2.9 sec.—! at pH 4.6. The dissociation 
constant of catalase cyanide (K;) calculated from kinetic data is 3.6 x 
10-* o. 

2. On the basis of spectrophotometric data, K; = 4 X 10-* M. 

3. By an improved method for determining catalase activity, it is found 
that K, = 4.7 X 10-* , on the basis of the cyanide inhibition of catalase 
activity. 

4. The non-competitive inhibition of catalase by cyanide is due to the 
fact that not all catalase hematins are bound to peroxide in the catalase. 
hydrogen peroxide complex. 

5. Over the range 3.8 < pH < 8.7, the reaction of catalase with cyanide 
is represented by the equation 


k 
FeOH + HCN ~~ FeCN + H,0 
6 


The four hematins of an erythrocyte catalase act independently. The 
apparent dissociation constant is calculated according to the relation 


[FeOHIIHCN] 
{[FeCN] 








1= 
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THE COMPOSITION OF CATALASE-PEROXIDE COMPLEXES* 
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Recently the long sought intermediate compound of catalase and hydro- 
gen peroxide has been identified, and its spectrum and reaction kinetics 
have been measured (1, 2). The properties of this complex are not, how- 
ever, those of a classical enzyme-substrate compound of Michaelis and 
Menten. One very unusual property of this complex is that not all of the 
four catalase hematins of erythrocytes are bound to peroxide, even when 
saturation with peroxide is demonstrated spectrophotometrically. It is 
the purpose of this investigation to study this property of the catalase- 
hydrogen peroxide complex in some detail and to obtain a quantitative 
measure of the number of peroxide molecules bound to the catalase mole- 
cule. 

Several independent experimental methods indicate this property of the 
complex in a qualitative manner. First, titration of catalase with hydro- 
gen peroxide gives molar amounts of this complex in excess of the molar 
amount of peroxide added when the calculation is based upon the com- 
bination of peroxide with all the catalase hematins. Second, the non- 
competitive inhibition of catalase activity by cyanide (3) indicates that 
not all catalase hematins are combined with peroxide under the conditions 
of the test for catalase activity. Third, the spectrum of catalase hydrogen 
peroxide is very unusual. The difference of extinction coefficient between 
catalase and this catalase-hydrogen peroxide complex is rather small, 40 
cm.—' X mm~ at 405 mu, which is about equal to the difference between the 
extinction coefficients of a four-hematin horse erythrocyte catalase (380 
em. X mm) and a three-hematin horse liver catalase (340 cm.' X 
mm~) (1). 

On the other hand, the change of extinction coefficient between catalase 
and the unstable primary catalase-alkyl hydrogen peroxide complexes is 
large (180 cm.-! X mm at 405 mu for horse erythrocyte catalase) (2). 
A possible explanation of the greater change of extinction coefficient in 
the latter reaction may be that more alkyl hydrogen peroxide groups than 
hydrogen peroxide groups attach to catalase hematins. In fact, on the 
assumption that the change of extinction coefficient per peroxide group 


* This is Paper 2 of a series on catalases and peroxidases. 
t John Simon Guggenheim Memorial Fellow (1946-48). Present address, Johnson 
Research Foundation, University of Pennsylvania, Philadelphia. 
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bound to hematin iron is the same for alkyl hydrogen peroxides and for 
hydrogen peroxide, the spectral data suggest that 4 times as many alky| 
hydrogen groups as hydrogen peroxide groups attach to catalase; i.e, 
four alkyl hydrogen groups per erythrocyte catalase molecule, but only 
one hydrogen peroxide group per catalase molecule. 

It is of importance to obtain further proof of such a difference in the 
nature of these compounds, because it may lay the foundation for an 
explanation of the tremendous difference in the reactivities of catalase 
towards hydrogen peroxide compared with alkyl hydrogen peroxides. Ca- 
talase decomposes hydrogen peroxide into oxygen and water with a tre- 
mendous velocity (in 0.1 m hydrogen peroxide the turnover number is 
3.5 X 10’ X 0.1 = 3.5 X 10° times per second (Bonnichsen, Chance, and 
Theorell (4))), while catalase scarcely decomposes the alkyl hydrogen 
peroxides at an appreciable velocity in the absence of alcohols (a turnover 
number of about 0.02 times per second). 

Previous methods of determining the number of peroxide groups at- 
tached to hematin (for example, those used by Keilin and Hartree (5) 
in the studies of the methemoglobin-hydrogen peroxide and ethyl hydrogen 
peroxide complexes) are completely unsuitable here, since not only is the 
catalase-hydrogen peroxide complex fairly unstable, but a considerable 
amount of hydrogen peroxide is decomposed during its formation (1). 

Even the rapid spectrophotometric titration used in the study of the 
primary peroxidase-hydrogen peroxide complex (6) is unsatisfactory here, 
since the mechanism of hydrogen peroxide decomposition must be com- 
pletely formulated in order to use such titration data in a calculation of the 
number of hydrogen peroxide groups bound to catalase hematin. It is 
desirable to use a purely chemical test for unbound hematin groups in 
catalase-peroxide complexes which requires no postulates of enzymatic 
mechanism. 

If a catalase-peroxide complex is mixed, for example, with cyanide, 
which reacts very rapidly with free catalase hematins (3), the initial 
amount of the catalase cyanide compound formed relative to that formed 
from free catalase is a direct measure of the number of the free catalase 
hematin groups in the catalase-peroxide complex. The amount of cata- 
lase-cyanide complex is readily estimated spectrophotometrically. Some 
of the characteristics of the catalase-cyanide reaction are now reviewed to 
determine whether cyanide is a suitable reactant. 

Reactions of Catalase with Cyanide or Peroxide—The chemical method 
for determining the number of free hematin groups in a catalase-peroxide 
complex requires that cyanide and peroxide compete for the same place on 
the iron atoms of catalase. There is, however, no direct evidence of com- 
petition between hydrogen peroxide and cyanide in the inhibition of the 
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destruction of hydrogen peroxide (3), although competitive inhibition can 
be completely demonstrated for peroxidase (7). In this paper, direct 
spectroscopic evidence is presented that cyanide can displace hydrogen 
peroxide from catalase hematin (see Fig. 2), and therefore cyanide is a 
suitable substance in this respect. Thus the lack of competitive inhi- 
bition of catalase is caused by the peculiar mechanism of the catalase- 
hydrogen peroxide reaction and not by the fact that cyanide and peroxide 
combine at different parts of the hematin group. 

Direct evidence that cyanide forms a ferric iron covalent compound with 
catalase is furnished by the magnetic measurements of Theorell and Agner 
(8). From direct studies of the reaction of catalase and cyanide (3) and 
from analogy with studies of methemoglobin cyanide (9), it is clear that 
cyanide ion combines with catalase iron. Magnetic studies (8) further 
indicate that cyanide ion combines only with intact catalase hematins and 
not with those partially or completely converted into bile pigment; a 
three-hematin horse liver catalase molecule binds only 3 cyanide ions. 


Methods 


Since the catalase-hydrogen peroxide complex begins to decompose 
several tenths of a second after its formation (see Chance (1), especially 
Fig. 3), the rapid flow technique (10) is essential. 

The ideal form of the rapid flow method for this purpose is the two- 
mixer technique of Hartridge and Roughton (11), in which the unstable 
catalase peroxide is formed in one mixing chamber and, at any short time 
later, is mixed with cyanide ion in a second mixing chamber. However, 
completely satisfactory results may be obtained with a single mixing 
chamber in the following general cases. (1) Catalase is mixed with perox- 
ide and cyanide simultaneously, but the peroxide reaction is complete 
before the cyanide reaction has progressed appreciably. (2) The catalase- 
peroxide complex is stable enough to permit premixing in a test-tube, 
followed by reaction with cyanide in the rapid mixing chamber. 

The first method is applicable to the catalase-hydrogen peroxide com- 
plex and the second to the catalase-alkyl hydrogen peroxide complexes. 
The kinetic and equilibrium data for the catalase-cyanide and catalase- 
peroxide complexes specify the relative cyanide and peroxide concentra- 
tions for a successful experiment. The following equations define the 
reaction velocity constants involved in the kinetics and equilibrium. 
They are written for the specific case of a three-hematin horse liver catalase 
and a catalase-hydrogen peroxide complex in which only one of the three 
hematins is bound. Equation 1 is similar to that given previously, except 
that the value of n = 1 is used here (1), and the heme-linked hydroxyl 
group of catalase is indicated (12). The definition of the velocity con- 
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stants and the equation for the reaction of catalase and cyanide were 
given previously (3). It is assumed that the catalase hematins react 
independently. 


k 
Cat(OH); + HO, — Cat(OH).(OOH) + H:0 (1) 
2 
Cat(OH);(OOH) + 2HCN a Cat(CN):(OOH) + 2H:0 (2) 
6 


The initial hydrogen peroxide concentration is x, and the initial cyanide 
concentration is %. The values of k, and k; are 3 X 107 m™ sec. (1) and 
9 X 105 m™ sec.“ (3) respectively. The value of ks is very slightly af- 
fected by whether or not peroxide is already bound to a catalase hematin, 
The apparent dissociation constant for Equation 2 is 4 x 10° m (8), 
The apparent dissociation constant for Equation 1 is about 1 x 10° 
M (1). . 

Method 1—If the composition of the complex of Equation 2 is to be de- 
termined to an accuracy of 3 per cent, the velocity of formation of the hy- 
drogen peroxide complex (k;2») must be at least 30 times greater than the 
velocity of formation of the cyanide complex (ksio); otherwise, cyanide 
might compete with hydrogen peroxide. 


him 5 4.3 X 10m 
kein ~ 71 X 10% 





> 30; . zo > te (3) 


Thus the initial hydrogen peroxide concentration need be only slightly 
greater than the cyanide concentration. 

Since catalase must be saturated with hydrogen peroxide, the initial 
hydrogen peroxide concentration must be larger than 10~ m. 

The initial cyanide concentration should be large enough to give a read- 
ily measurable amount of the catalase cyanide compound. In this par- 
ticular method, it has been convenient to use an initial cyanide concen- 
tration which gives about 0.5 to 0.75 saturation of catalase with cyanide. 
When the catalase concentration is comparable to the cyanide concentra- 
tion, there are appreciable differences in the concentration of uncombined 
cyanide, depending upon whether the reaction is with free catalase or 
with the catalase-hydrogen peroxide complex, and appropriate corrections 
to the concentration of catalase cyanide are calculated in the ‘‘Appendix.” 

Method 2—The catalase-alkyl hydrogen peroxide complexes are stable 
for about a minute, and therefore the complexes, preformed in a test-tube, 
are mixed with cyanide in the rapid flow apparatus. 

Spectroscopic Considerations—The primary catalase-peroxide complexes 
and catalase have an isosbestic point (the same extinction) at 435 my, 
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and therefore the concentration of the catalase-evanide complex is meas- 
ured at this wave-length. 

Choice of Catalases —If hydrogen peroxide is bound to only one catalase 
hematin, a 25 per cent decrease in the amount of catalase cyanide com- 
pound formed on reaction of cyanide with the catalase-hydrogen peroxide 
complex would be expected with a four-hematin erythrocyte catalase and 
a 100 per cent decrease would be expected with a one-hematin catalase, in 
accordance with Iquation 2 above. Thus the method is most sensitive 
with low hematin catalases. Although low hematin catalases may be 
prepared by the methods of Lemberg and Legge (13), the methods for 
determination of the bile pigment content require large corrections. The 






CATALASE 
CYANIDE I 
CATALASE 
—— CYANIDE 1 
CATALASE 
HYDROGEN 
OPTICAL Lx PEROXIDE 
DENSITY D & 
INCREMENT > i CATALASE 
-% 105 Mint, cyanioe =D 
435 mM 
ia io5 mm 
De= 75mm. 
FREE 
CATALASE = CATALASE 
<!_ “HYDROGEN 
TIME AFTER PEROXIDE 
FLOW STOPS-— SEC. fe) 1.0 fe) 1.0 
HYROCYANIC ACID (44M) 4 4 
HYDROGEN PEROXIDE (UM) fe) 10 


Fic. 1. The kineties of the formation of catalase cyanide in the absence (left- 
hand) and in the presence (right-hand) of hydrogen peroxide. 3.4 um of hematin 
iron horse liver catalase, pH 6.5, 0.01 Mm phosphate buffer (Experiment 82b). 


hematin content of horse liver catalase prepared according to the methods 
of Agner (14) and Bonnichsen (15) has been determined by several meth- 
ods, including splitting experiments, magnetic titrations (8), and spectro- 
photometric tests (8, 15), and appears to be rather close to three intact 
hematins. However, experiments with the four-hematin catalase of horse 
erythrocytes and with an especially prepared low hematin catalase are 
described. The catalases used in these experiments were purified by Dr. 
R. K. Bonnichsen, to whom many thanks are due. 

Composition of Catalase Hydrogen Peroxide Intermediate—Fig. 1 shows 
on the left the reaction of catalase and cyanide as recorded spectropho- 
tometrically in the rapid flow apparatus (16). The top tracing represents 
flow velocity and its downward deflection indicates the moment at which 
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the flow is started. At that time, previously formed catalase cyanide js 
washed out of the capillary observation tube by the discharge of the 
syringes and is replaced by thoroughly mixed catalase and cyanide. The 
flow velocities employed correspond to such short times after mixing that 
the reaction of catalase and cyanide does not proceed to a measurable 
extent. Thus a solution of free catalase is flowing rapidly down the 
observation tube. The spectrophotometer records the abrupt decrease 
of optical density caused by the replacement of catalase cyanide by free 
catalase. But when the flow stops, the reaction of catalase and cyanide 
proceeds, and an increase of optical density equivalent to an upward 
oscillograph deflection of 105 mm. is measured from Fig. 1. This deflee- 
tion is termed JD. 

In the right-hand record, the same reaction is repeated, but 10 uM of 


hydrogen peroxide are mixed with the cyanide solution previous to filling 
the syringes of the rapid flow apparatus. On initiating the flow catalase 
is now mixed with both cyanide and hydrogen peroxide. ‘The catalase- 


hydrogen peroxide complex forms completely at the values of flow velocity 
used, but causes no deflection of the tracing because the measurement was 
made at 485 mu, an isosbestic point between the Soret bands of catalase 
and catalase hydrogen peroxide (1). Thus a solution of the catalase- 
hydrogen peroxide complex at its saturation value is flowing rapidly down 
the observation tube, and, as already mentioned, has the same optical 
density as free catalase. When the flow stops, the reaction of cyanide 
with catalase hematins not bound to hydrogen peroxide proceeds with the 
same velocity as in the left-hand section, but gives an upward deflection 
of only 75 mm. This deflection is termed D.. Catalase hydrogen perox- 
ide is unstable and decomposes in about a minute (see Fig. 2 or Chance 
(1)). As this decomposition occurs, cyanide combines with the freed 
catalase hematin, as indicated by the slowly rising tracing at the end of 
the right-hand record of Fig. 1. Finally cyanide binds all three hematins 
and should give the full deflection of 105 mm. measured in the left-hand 
record (D,). That this reaction actually oecurs is verified by the deflee- 
tion of the right-hand record before the flow is started. This deflection 
was recorded several minutes after a previous identical experiment, after 
the completion of the decomposition of catalase hydrogen peroxide and 
the consequent combination of cyanide with all the catalase hematins. 
The change of optical density from catalase cyanide formed in this way to 
the catalase-hydrogen peroxide complex (which has the same optical 
density as free catalase at 435 mu) is equivalent to an oscillograph deflee- 
tion of 105 mm. and is identical to the deflection obtained in the left- 
hand section of Fig. 1. Thus the formation of catalase hydrogen peroxide 
reduces the deflection from 105 to 75 mm. 
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If all the hematin groups were bound to peroxide, the deflection would 
have been reduced to zero (see Fig. 3). If only one of the three hematins 
were bound to peroxide, the deflection would be reduced by 33 per cent; 
i.e., from 105 to 70 mm. In fact, these data have been calculated by the 
formula 1 — (D2/D,)100, which gives the percentage reduction in the 
amount of catalase cyanide formed from catalase hydrogen peroxide com- 
pared with that formed from free catalase. 

In Fig. 1, the value of 1 — (D2/D,)100 is 28 per cent. The value 
expected if hydrogen peroxide occupied only one of the three horse liver 
catalase hematins is actually 27 per cent, not 33 per cent.! Thus the ex- 


TaBLe I 
Variation of 1 — (D2/D,) with Cyanide Concentration 
3.4 um of hematin iron horse liver catalase, 10 um of hydrogen peroxide; A = 435 
my; 0.01 m phosphate buffer, pH 6.5 (Experiment 82b). 





Initial cyanide, uu 
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Variation of 1 — (D2/D,) with Hydrogen Peroxide Concentration 


3.4um of hematin iron horse liver catalase, 4 um of cyanide, \ 435 my; 0.01 m phos- 
phate buffer, pH 6.5 (Experiment 84). 





Initial hydrogen peroxide, um 
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perimental figure and the calculated figure verify that about 1 hydrogen 
peroxide molecule is bound per catalase molecule. 

Experiments over a wide range of cyanide and peroxide concentrations 
are given in Tables I and II, and the results are expressed again by the 
factor 1 — (D,/D,)100. In Table I, the values of 1 — (D:/D,) for low 
cyanide concentrations are considerably higher than the theory requires, 
but the error in recording the small concentration of catalase cyanide is 
large. At 8 um of cyanide and above, the limitations of Equation 3 are 
exceeded and a decrease of 1 — (D2/Dy) is seen; here cyanide is competing 


‘ A calculation shows that the decrease in the amount of cyanide compound to be 
expected is 27 per cent instead of 33 per cent for a liver catalase with one hematin 
bound, since appreciably more free cyanide is present in this case (see ‘‘Appendix’’). 
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with hydrogen peroxide for catalase hematin. In accordance with the 
data of Table I and in agreement with Equation 3, 4 um of cyanide are 
chosen for the experiments shown in Table II, and the effect of a variation 
of hydrogen peroxide concentration is studied. The values of 1 — (D2/D,) 
for the larger values of hydrogen peroxide concentration are probably 
accurate and may be compared with the expected value of 27 per cent for, 








three-hematin catalase.' The average experimental value (34 per cent) | 


indicates that the catalase-hydrogen peroxide compound consists of about 
1 molecule of hydrogen peroxide per catalase molecule. 

Competition between Hydrogen Peroxide and Cyanide for Catalase Hema. 
tin—According to the experiments just described, catalase hematins not 
bound to hydrogen peroxide in the catalase-hydrogen peroxide complex 
can combine readily with cyanide. The reaction of these free hemating 
is shown by the records of Fig. 1 and by the data of Table II to be inde. 


SEC L- 





36 SEC 







OPTICAL 
DENSITY 
INCREMENT —~—FREE CATALASE 
ne CATALASE 
HYDROGEN 
PEROXIDE 
HYDROGEN PEROXIDE pM 20 20 
CYANIDE pM re) 200 
ETHANOL uM 100 100 


Fig. 2. The effect of cyanide upon the kinetics of the catalase hydrogen peroxide 
compound measured at the isosbestic point for catalase and catalase cyanide (Ex. 
periment 86). 3.4 um of hematin iron horse liver catalase. 


pendent of hydrogen peroxide concentration, a non-competitive reaction. 
These free hematins also participate in the destruction of hydrogen perox- 
ide (3) and, therefore, the inhibition of catalase activity by cyanide ion is 
non-competitive, as is shown by the data of von Euler and Josephson, 
Stern, and Keilin and Hartree, in which roughly the same degrees of cy- 
anide inhibition of catalase were obtained in spite of large variations 


the initial hydrogen peroxide concentration (for a summary, see Chance , 


(3), Table V). 

On the other hand, we can now show that the catalase hematin bound to 
hydrogen peroxide in the catalase-hydrogen peroxide complex is involved 
in competitive inhibition with cyanide. Table I shows how increasing 
cyanide concentrations can nearly completely prevent the formation of the 
catalase-hydrogen peroxide complex. Table II shows how increasing 
initial hydrogen peroxide concentrations can displace cyanide from the 
catalase-hydrogen peroxide complex. And finally, Fig. 2 shows directly 
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the decrease in the concentration of the catalase-hydrogen peroxide com- 
plex caused by cyanide competing with hydrogen peroxide. This record 
was obtained at the isosbestic point for catalase and catalase cyanide 
(417 my), and at this wave-length the kinetics of catalase hydrogen per- 
oxide are recorded without interference from the kinetics of catalase cy- 
anide. The left-hand record shows the usual kinetic curve for the rapid 
formation (sharp drop), and slow disappearance (slow exponential rise) 
of catalase hydrogen peroxide (see Chance (1)). The right-hand tracing 
clearly shows that 200 um of cyanide have “captured” 82 per cent of the 
catalase hematin bound by hydrogen peroxide in the left-hand record. 
But the dissociation constant of catalase cyanide (4 X 10° m) indicates 
that nearly 100 per cent of the catalase hematin should have been bound 
by cyanide if no peroxide were present. The dissociation constant of 
catalase cyanide calculated from Fig. 2 is Kr = 44 X 10* m. Thus 
hydrogen peroxide and cyanide exhibit competition in this record. 

The theoretical increase of the catalase cyanide dissociation constant 
may be calculated for the usual formula K,’ = K,{1 + (a/K~)]; this is 
the usual formula for simple competitive inhibition (7), where 7 = 20 
X 10 m hydrogen peroxide (initially) and K, = 0.6 X 10-* m (see 
Chance (1); the value of K» is about half that of the catalase molarity). 
K/' is calculated to be 1 X 10-4 m. Thus 65 per cent of the catalase 
hematin is calculated to be bound by cyanide, and 82 per cent is actually 
indicated by the right-hand side of Fig. 2. 

These simple calculations are in error because the hydrogen peroxide 
concentration at the time the cyanide ion combines with catalase is less 
than the initial peroxide concentration, owing to the destruction of perox- 
ide by catalase. This reaction is, of course, partially inhibited by cyanide. 
Thus the calculated value of K,’ should be considerably less than 1 X 
10~* m and, therefore, in better agreement with the experimental value. 

A further proof of the competition between cyanide and peroxide is 
furnished by the data of Tables I and II, which are further analyzed in 
Tables III and IV. The data of Table I represent the titration of the 
catalase-hydrogen peroxide complex with cyanide. Since cyanide ion is 
competing with the peroxide molecule for the catalase hematin, the dis- 
sociation constant is no longer 4 X 10-* m but is calculated in Table II 
to be K;’ = 16 X 10-* m in the range in which the data are most reliable. 
Thus there is no doubt of competitive inhibition, for the values in Table 
ITI are about 3 times greater than the dissociation constant of the catalase 
cyanide in the absence of peroxide. However, the decomposition of hy- 
drogen peroxide causes less than the amount of competition calculated ac- 
cording to the equation above: K;’ = 5 X 107 . 

The data of Table II represent the titration of catalase cyanide with 
hydrogen peroxide, and the dissociation constant (K’) of the peroxide 
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molecule competing with the cyanide ion for the catalase hematin is caleu. 
lated in Table IV in the range in which the data are most reliable. K' 
is found to be 2 X 10-* m compared with the calculated value of 1.2 x 
10-* (K’ = K (1 + [CN]/K,)). Here K’ is greater than the calculated 
value. No explanation of this discrepancy can be given at present. 
Thus the competition between cyanide and peroxide for catalase hematin 
involved in the catalase-hydrogen peroxide complex is clearly demon. 


TaBLeE III 


Competition between Cyanide and Hydrogen Peroxide for Catalase Hematin, Caleu. 
lated from Table I 
10 um of peroxide. 
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Initial cyanide concentration, um 
8 20 he | 200 
Measured % catalase hematin bound 39 55 76 91 
by cyanide, (833 — (1 — (D:;/D,) 
100)/33) 
e—q\. 1 . ; 
t=| —~—-l}i=Ki,u X10 12 16 16 20 
q % 
TaBLe IV 


Competition between Cyanide and Hydrogen Peroxide for Catalase Hematin Calew 
lated from Table II 


4 um of cyanide. 





Initial hydrogen peroxide concentration, um 











1 2 . if 20 
Measured % catalase hematin bound | 26 50 56 | 85 85 
by hydrogen peroxide, (1 — (D:/D,) | 
100) /34 
Calculated equilibrium constant, 2.0 1.4 2.7 | 0.8 4.0 
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(5 - 1) {[H.0.] = K’, wm X 108 
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strated. Nevertheless, the inhibition of the destruction of hydrogen 
peroxide by catalase is non-competitive, because catalase hematins not 
involved in this complex are required for the destruction of hydrogen 
peroxide. 

Composition of Catalase Ethyl Hydrogen Peroxide Compound—Exper- 
mental results obtained by use of Method 2 are shown in Fig. 3. Records 
A and B are directly comparable with those of Fig. 1. The first reaction 
(A) is simply a calibration of the amount of catalase cyanide that forms 
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from all three hematins. In the second record (B), ethyl hydrogen per- 
oxide was first added to catalase in a test-tube, and the mixture was sucked 
up into the syringe of the rapid flow apparatus and there, 0.3 minute 
after mixing in the test-tube, was mixed with cyanide in the capillary. 
This record contrasts sharply with the corresponding record of Fig. 1; no 
appreciable evidence of the rapid cyanide reaction is obtained, but only 
of a slow reaction at about the rate at which the catalase-ethyl hydrogen 
peroxide complex is breaking down. ‘The remaining records confirm 
this; after 1.5 minutes, an appreciable amount of catalase hematin is free 


) 


to react rapidly with cyanide, and, after 3 minutes, nearly all the catalase 


FLOW 
VELOCITY —*}\ 


CATALASE 
CYANIDE 
CATALASE 

~ CYANIDE 





CATALASE AND 














FREE 
CATALASE hes CATALASE ETHYI. 
HYDROGEN 
wiih PEROXIDE 





TIME AFTER 10] 1°) LO 12) 05 


FLOW STOPS — SEC. 
TIME AFTER — 0.4 1.5 2.5 3.0 
MiXING CATALASE AND ETHYL HYDROGEN PEROXIDE - MIN, 

Fic. 3. The kineties of the formation of catalase cyanide in the absence of ethyl 
hydrogen peroxide (A) and during the decomposition of the catalase-ethyl hydrogen 
peroxide complex (at 0.4, 1.5, 2.5, and3 minutes). In record A, catalase is mixed with 
evanide in the rapid flow apparatus. In records B to F, the catalase ethyl hydrogen 
peroxide is preformed and is then mixed with cyanide in the rapid flow apparatus. 
3.4 um of hematin iron horse liver catalase, 10 um of evanide, 67 um of ethyl hydrogen 
peroxide (Experiment 91d). 


hematin is free. This record is taken to indicate that ethyl hydrogen 
peroxide can bind all three of the catalase hematins of horse liver. Table 
V shows the variation of 1 — (D./D,) with ethyl hydrogen peroxide con- 
centration. The equilibrium constant for catalase ethyl hydrogen per- 
oxide as calculated from the data of Table V appears to be too large (17), 
but a considerable portion of the substrate was decomposed before D2 
Was measured. 

The composition of catalase methyl hydrogen peroxide can be assumed 
to be the same as that of the ethyl hydrogen peroxide complex, since their 
Soret bands are very similar (18). 

Simultancous Reactions of Hydrogen Peroxide and Ethyl Hydrogen Perox- 
ide with Catalase Hematin—Strong evidence for the accuracy of these 
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conclusions is afforded by using ethyl hydrogen peroxide instead of ey 
anide in the reaction of catalase and hydrogen peroxide. Since ethyl 
hydrogen peroxide combines more slowly than eyanide (2, 17), a somewhat 
greater concentration of the former is required. 

These measurements were made at 410 my, at which the extinction ¢o- 
efficients of the catalase peroxide compounds are large and, per mole of 
hematin iron bound, are very nearly equal (18). Thus these data record 
the sum of the concentrations of catalase hydrogen peroxide and catalase 
ethyl hydrogen peroxide. 

A typical experiment is shown in Fig. 4. In record A, the saturation 
value for catalase ethyl hydrogen peroxide is recorded on a rapid time seal 
(D, = 70mm.) on the bottom line and on a slow time scale directly above 
In record B, the saturation value (Dz, = 45 mm.) and life time of the in 
termediate compound are decreased by the addition of 400 um of ethy| 
alcohol so that the sueceeding records can be completed more rapidly (17 


TABLE V 
Effect of Ethyl Hydrogen Peroxide Concentration pon Percentage of Catalase Hema 
tins Free to React with Cyanide 


3.4 um of hematin iron horse liver catalase, 10 um of evanide; 0.01 M phosphat 


buffer, pH 6.5; \ = 485 my (Experiment 91d). 
Ethyl hydrogen pe roxide, uM 
17 33 67 
l (D./D,)100 1S 79 4 100 
In record C, the saturation value (De = 21 mm.) and the kineties of cat- 


alase hydrogen peroxide are recorded. This compound forms. very 
rapidly, nearly completely at the fastest flow velocity. Thus there is only 
a very small change of its concentration when the flow stops. The cor- 
responding record (above) on a slow time scale shows that alcohol has also 
accelerated the decomposition of this intermediate (cf. Fig. 2, left-hand 
section). 

If now both hydrogen peroxide and ethyl hydrogen peroxide react simul- 
taneously with catalase hematin, as in record EF, the hydrogen peroxide 
compound forms first, as indicated by the 21 mm. rapid drop of the oscillo- 
graph tracing as the flow starts.2 After the flow stops, the slower reaction 


2 This record depicts what would happen if some hydrogen peroxide were accl 
dentally present in the ethyl hydrogen peroxide. That in excess of the enzyme 
molarity would be rapidly decomposed and the remainder would react exactly as 
shown in record . Indications of such a sharp step have not been noticed in the 
kineties of formation of ethyl hydrogen peroxide compounds. 
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of catalase and ethyl hydrogen peroxide gets under way, but finds one of 
the catalase hematins already bound to hydrogen peroxide. Thus*the 
extent of the slow reaction (Dg) is only 27 mm. as compared with Dz, 
= §5 mm. in record B. As the record above on a slow time scale shows, the 
reaction proceeds as in record B; the hydrogen peroxide compound soon 
breaks down, and all three hematins are available for ethyl hydrogen 














> r~72 SEC 72 SEC aad 
i + 
= te ee Ly 
A B Cc D E 
i 
fo 
“Nowes 
TIME AFTER 0 1 2 fe) { ie) ! e) \ e) 1 
FLOW STOPS — SEC 
ETHYL HYDROGEN 133 133 0 33 133 
PEROXIDE — UM 
ETHYL ALCOHOL—UM O 400 400 400 400 
HYDROGEN O 1) 40 40 40 


PEROXIDE 4M 


Fic. 4. The kineties of the formation (lower section) and the course of the reaction 
(upper section) of catalase and ethyl hydrogen peroxide in the absence (A, B) and 
in the presence of hydrogen peroxide (D, #). 3.4 um of hematin iron horse liver 
catalase; \ = 410 mu, pH 6.5, 0.01 mM phosphate (Experiment 91a). The optical 
density changes are as follows: D4, from free catalase to saturated catalase ethyl 
hydrogen peroxide; Dz, from free catalase to 0.65 saturated catalase ethyl hydrogen 
peroxide; De, from free catalase to saturated catalase hydrogen peroxide; Dp and Dg, 
from saturated catalase hydrogen peroxide to 0.65 saturated catalase ethyl hydrogen 
peroxide, 


peroxide. ‘There is no indication in this slow record of the conversion from 
the catalase-hydrogen peroxide complex to the catalase-ethyl hydrogen 
peroxide complex, since the extinction coefficients per hematin are very 
nearly equal. 

Record D, made just a few seconds after a previous injection, demon- 
strates the great kinetic difference between the two catalase peroxides. 
Since the capillary had just been filled with reactants before record D was 
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started, the initial base-line corresponds to a mixture of the two eat 


peroxides at a little less than their saturation values. Rapid flow of fres| 
reactants prevents the formation of the ethyl hydrogen peroxide com 
pound but not the hydrogen peroxide compound. Thus the tracing does 
not rise to the optical density of free catalase, only to that of catalase 
hydrogen peroxide. After the flow stops, the ethyl hydrogen peroxide 
reaction proceeds, and the subsequent portions of record D  duplie: t 
those of record F. 

A simple calculation gives the number of hematins bound by hydroge 


peroxide, since all these can be bound by ethyl hydrogen peroxicd 


TABLE VI 


Composition of Catalase-Hydrogen Peroxide in Liver Catalas 
i ‘ 





Hematin compound Roan. Rog bie | 
mm 
CatH.O.2, De 21 1.0 1.0 
Cat(C,.H;,OOH)., DeD4/Dz $2 Zi0 2.0 
Cat(C.H;O0OH);, D, 70 3.0 () 





TABLE VII 


Composition of Catalase-Hydrogen Peroride in Erythrocyte Catalase 
I } / ( 


Density Ratio of den 


Compound . 
increment sity increment 


mm 
CatH.Os, De any 23 1.0 1.0 
Cat (C.,.H;00OH)3, DeD4/Dz 63 7 ee 3.0) 
Cat(C,H,OOH),, Da Qo 1.0 0 


The ratio | — (Dg/ Dz) = 1 (27 /45) 
the expected value of 33 per cent. 


10 per cent as compared with 
The data are summarized in ‘Tabl 
VI, and the value of Deg is corrected for partial saturation (D4 Dz) to 
give 42 mm. 

The extinction coefficients of these compounds per mole of hematin iron 
are nearly equal (18); the data confirm the conclusions from the cyanide 
experiments (Table IT). 

In experiments in which a 1.35 um horse erythrocyte catalase having 
four intact hematins was used, the data of Table VIL have been obtained 
by a repetition of Fig. 4. The value of 1 — (Dg Dg) = 31 per cent com- 


pared with the expected value of 25 per cent. The data are, however, in 


1 


agreement with those obtained by using the three-hematin liver catalase, 
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and therefore show that the composition of catalase hydrogen per- 
oxide is unrelated to the bile pigment content of the catalase. 

Furthermore, no change in the composition of the catalase-hydrogen 
peroxide complex in a liver or an erythrocyte preparation is indicated by 
the change in optical density at 410 mu on formation of the complex: 23 
mm. for 1.35 um of erythrocyte catalase and 20 mm. for 1.17 um of liver 
catalase. 

Composition of Catalase Hydrogen Peroxide in High Biliverdin Catalase 
—Bonnichsen has prepared some catalases of high biliverdin content (19). 
One of these preparations was tested by these methods in order to detect 
with greater sensitivity the effect of a variation of the number of hematins 






18 sec. 


CATALASE 
€ #380 cm-'x mM> 


CATALASE 
HYDROGEN 


PEROXIDE 
€ #330 cm"xmM™ 


— 


CATALASE- METHYL 
HY DROGEN 

PEROXIDE ~~ 
£=210cm'xmM™ 


Fria. 5. The composition of catalase hydrogen eneibiy formed in the presence of 
the notatin system. 0.95 um of horse blood catalase, 0.04 um of notatin added at A, 
6.7 um of glucose added at B, 10 um of methyl hydrogen peroxide added at C and at 
D; = 405 mu, pH 7.0, 0.01 m phosphate buffer (Experiment 251). 


present in the catalase preparation upon the composition of catalase 
hydrogen peroxide. 

This catalase, when compared to a solution of erythrocyte catalase of 
equal optical density at 405 mu gives 36 per cent less cyanide compound at 
435 mu and 39 per cent less methyl hydrogen peroxide compound at 
405 mu (18) and may be considered to have about 2.7 hematins. On 
the basis of a cyanide-hydrogen peroxide test similar to that in Table II, 
the value of 1 — (D.2/D,) is found to be 38 per cent, and on the basis 
of a hydrogen peroxide-methyl hydrogen peroxide test according to the 
method just described, the value of 1 — (Dz/Ds) is 39 per cent. 

Thus the composition of the catalase hydrogen peroxide is again shown 
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to be unaffected by a rather large change of bile pigment content, from 
0 to 1.3 catalase hematins. 

Composition of Catalase Hydrogen Peroxide Formed in Presence of Nota. 
tin, Glucose, and Oxygen—The formation of catalase hydrogen peroxide | 
from hydrogen peroxide produced by the notatin system has been reported 
(2). Since a continuous supply of hydrogen peroxide is available, the 
complex is stable for several minutes, and the number of free catalase 
hematins is simply determined by the addition of excess alkyl hydrogen 
peroxide, as in Fig. 5. 

In these tests, a recording spectrophotometer equipped with a 1.3 em, 
cuvette was used. The formation of catalase hydrogen peroxide is shown 
at B and gives a deflection of 8.5 scale divisions on Fig. 5. As soon agg 
steady state is reached, an excess of methyl hydrogen peroxide is added, 
and the total density increment is 28.5 scale divisions. Thus 8.5/28.5 or 
30 per cent of the four catalase hematins is bound in the hydrogen peroxide 
complex. 

These reactions provide a simple method for determining the number of 
intact hematins in a catalase containing biliverdin. If the ordinary spec- 
trophotometer is used, about 30 times stronger catalase is required, and 
some increase in the notatin concentration may be necessary to insur 
saturation of the catalase-hydrogen peroxide complex. Catalase solutions 
should be dialyzed thoroughly before this test to remove any alcohol, 
which would lower the saturation of the catalase-hydrogen peroxide con- 
plex owing to the peroxidatic reaction of this complex with ethanol. 


DISCUSSION 


The preliminary conclusion drawn from previous studies of catalase 
hydrogen peroxide is substantiated by these studies: the compound con- 
sists of very nearly 1 peroxide molecule per catalase molecule. In four 
determinations by two independent methods, the amount of hydrogen 
peroxide exceeded 1 per catalase molecule by 26, 21, 23, and 20 per cent 
(34/27, 40/33, 31/25, and 30/25) for horse erythrocyte and liver catalases. 
The inherent error of the method would allow a discrepancy of about 12 
per cent in these values. The average of these data gives the compe 
sition of the catalase hydrogen peroxide as 1.2 + 0.1 peroxide-bound 
hematins. 


3 The error of these methods is usually between 2 and 4 per cent of the total deflee- 
tion measured. Since the deflection due to the catalase-hydrogen peroxide complex 
is only one-third to one-fourth of the total deflection, the error is correspondingly 
greater. These errors are due to inadequate gain of the light intensity contrd, 
irregularities in the relative delivery from the syringes, and, in the case of horse 
liver catalase, errors in the determination of the number of intact hematins. 
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There are two interpretations of the result. The first is that the cata- 
lase hematins are identical in all respects and are completely independent. 
In this case, each one of the four catalase hematin groups is slightly over 
0.25 saturated with hydrogen peroxide. The cause of the partial satura- 
tion of the enzyme-substrate complex is readily explained by the “purely 
kinetic” theory of catalase activity (2); catalase activity involves the con- 
secutive reactions of hydrogen peroxide molecules with catalase and with 
catalase hydrogen peroxide, and the relative values of the velocity con- 
stants of the first and second reactions determine the saturation of the 
catalase-hydrogen peroxide complex in the steady state (2). This ex- 
planation, however, requires modifications to account for the constant 
composition of the catalase-hydrogen peroxide complex in catalases con- 
taining bile pigment. According to this theory, the measured compo- 
sition of the complex would decrease with a decrease in the number of 
intact hematin groups; a 2.7 hematin catalase should have only 0.8 perox- 
ide-bound hematin per catalase molecule, in contrast with the experimental 
data. Explanations for this discrepancy between the theory and the ex- 
periments can be obtained by postulating interaction between pairs of 
catalase hematins (L. Pauling, personal communication). But no evi- 
dence of such interaction has yet been found in the reaction of catalase with 
cyanide (3) or with methyl hydrogen peroxide (17). 

The second interpretation is that the composition of the catalase- 
hydrogen peroxide complex is not a statistical effect but is due to “special 
properties” of the catalase-hydrogen peroxide complex. After the com- 
bination of hydrogen peroxide with any one of the cataiase hematins, the 
catalase molecule acquires “special properties,” which permit the rapid 
destruction of hydrogen peroxide at the free catalase hematins. Accord- 
ing to this simple theory, the composition of the catalase-hydrogen perox- 
ide complex would be exactly 1 peroxide molecule per catalase molecule 
and would be independent of the bile pigment content of the catalase mole- 
cule. The latter effect is in accord with these experiments, but the former 
conflicts with the composition of catalase hydrogen peroxide of 1.2 perox- 
ide molecules per catalase molecule. Also there are no “special proper- 
ties” of the catalase-alkyl hydrogen peroxide complexes (17). 

The composition of the catalase-hydrogen peroxide complex is remark- 
ably independent of the peroxide concentration: no significant change of its 
spectrum was obtained in 4 mm of hydrogen peroxide (1) or in the presence 
of the very dilute hydrogen peroxide (~10-* m) generated by notatin, 
glucose, and oxygen (2), a total range of about 10° in hydrogen peroxide 
concentration. 

That the composition of the catalase-hydrogen peroxide complex is a 
consequence of the “‘catalatic” reaction (the rapid breakdown of hydrogen 
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peroxide by catalase) is clearly shown by comparison with the composition 
of the catalase-alkyl hydrogen peroxide complexes in which all the intact 
catalase hematin groups are bound to alkyl hydrogen peroxide and no 
“catalatic” reaction is observed; the breakdown of dilute alkyl hydrogen 
peroxide solutions by catalase in the absence of alcohols is very slow (2). 

Since the catalase-hydrogen peroxide complex forms from an erythrocyte 
catalase having no bile pigment, there is no reason for supposing that, in 
liver catalase, a combination with the bile pigment hematins is responsible 
for the catalase-hydrogen peroxide complex. 

The non-competitive inhibition of the destruction of hydrogen peroxide 
by catalase has led some investigators to conclude that cyanide and perox- 
ide do not attach to the same place on the catalase hematin (3, 20). How- 
ever, non-competitive inhibition is, in this case, clearly due to the 
combination of cyanide with the free hematins of the catalase-hydrogen 
peroxide complex. The fact that catalase activity is inhibited by a com- 
bination of these hematin groups with cyanide is proof that they are neces- 
sary for catalase activity. 

In these experiments, it has been possible to demonstrate spectroscopi- 
cally the competition between cyanide and peroxide for catalase hematin. 
Thus cyanide and peroxide do combine at the same point on catalase hem- 
atin. Therefore the earlier explanations of the non-competitive inhibi- 
tion of catalase activity are incorrect and are now unnecessary. 


SUMMARY 


1. In the catalase-hydrogen peroxide complex, 1.2 + 0.1 hematin groups 
are occupied by hydrogen peroxide as determined by the reaction of this 
complex with cyanide or alkyl hydrogen peroxides. 

2. The composition of the complex is not appreciably altered by a bile 
pigment content equivalent to 1.3 hematin groups or by a large variation 
in the hydrogen peroxide concentration. 

3. Hydrogen peroxide is shown to combine with the iron atom of cat- 
alase hematin by competition between cyanide and hydrogen peroxide. 

4. In the catalase-alkyl hydrogen peroxide complexes, all the intact 
catalase hematins are bound to peroxide. 

5. The non-competitive inhibition of catalase activity by cyanide 
demonstrates that catalase hematins not involved in the catalase-hy- 
drogen peroxide complex are required for the destruction of hydrogen 
peroxide. 


APPENDIX 


Calculation of Change in Amount of Catalase-Cyanide Formed in Pres- 
ence and Absence of Hydrogen Peroride—The concentration of free cyanide 
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is greater in the presence of hydrogen peroxide and a correction to the 
concentrations of catalase cyanide is calculated as follows: 

In the absence of hydrogen peroxide and for a liver catalase (EZ), the 
combination with cyanide (J) is represented as in an earlier paper (3). 
The initial enzyme concentration is e;, and the initial cyanide concentra- 
tion is %. The concentration of catalase cyanide (E/;) is g;. Thus the 
free enzyme concentration is e; — qg3, and the free cyanide concentration 
is 9 — Qs. 

ks 
E+ 31 -——— EI; (1) 
ke 
Since the iron atoms of catalase act independently, the equilibrium con- 
ditions are equivalent to the reaction of a single cyanide ion with a single 
iron atom. The dissociation constant is to be calculated; therefore, the 
equations are written in the reciprocal form. 


” (a — gs) (to == qs) 
q3 


Ky 





(2) 


In the presence of enough hydrogen peroxide to convert E into ES, the 
catalase-hydrogen peroxide complex, Equation 3 is written, in which the 
symbols have the same meanings as in Equation 1. 











ES + 21 to ESh (3) 
Ki= (€, — qx) (to — g2) (4) 
q2 
Solving Equations 2 and 4 for gs and q respectively gives 
«a Bae a/ 2_ 4¢ 
13 — Q(to + & + Ki) + to = 0, G = — 
—b' —V/(b)? — 4er 
sh 04 8b +ebe&.. gm _ 
Then 
a= |) a= . Fai 
qs b b? — 4c 5) 





a —b'— V(b)? — 4c’ 
where b = —(i) + e; + Ky), ¢ = egto; 0! = —(io + eg + Ky’), c! = enio. 
It is here assumed that K; = K,’. 
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THE PRIMARY AND SECONDARY COMPOUNDS OF CATALASE 
AND METHYL OR ETHYL HYDROGEN PEROXIDE 


I. SPECTRA* 


By BRITTON CHANCE 
(From the Biochemical Department of the Nobel Medical Institute, Stockholm, Sweden) 


(Received for publication, November 4, 1948) 


In this and following papers, the properties of two new catalytically 
active enzyme-substrate compounds of catalase are given. Paper I gives 
spectroscopic data, Paper II and III, data on kinetics and activity, and, 
in Paper IV, the reactions of these enzyme-substrate compounds with 
hydrogen peroxide are discussed. 

The red catalase ethyl hydrogen peroxide compound studied by Stern 
(1) is characterized by two sharp bands in the green region of the spectrum 
and requires about 0.3 m ethyl hydrogen peroxide for maximum spectro- 
scopic effects. Stern’s compound is, however, a secondary product of 
the reaction of enzyme and substrate. The primary reaction product is 
a green compound which has a single diffuse band in the red region of the 
spectrum and requires only a very small excess of ethyl hydrogen peroxide 
for maximum spectroscopic effects (~5 X 107° m). Catalase is here 
shown to form completely analogous primary and secondary compounds 
with methyl hydrogen peroxide (2). These primary (I) and secondary 
(II) compounds resemble the green and red peroxidase hydrogen peroxide 
compounds (see Theorell (3)). 

The spectra of the primary compounds of catalase with these alkyl 
hydrogen peroxides are related to that of the catalase-hydrogen peroxide 
complex (4) and give an indication of the spectrum of the latter compound 
in regions for which data have not yet been obtained. 

Preparations—Bonnichsen’s (5) catalase preparations were used in these 
experiments, and many thanks are due him. Ethyl hydrogen peroxide! 
was prepared and standardized as described by Stern (1). According to 
his tests, a pure material gave the same results, and since the concentra- 
tions employed here are about 0.001 to 0.0001 of those he employed, the 
effect of an impurity would be smaller. Methyl hydrogen peroxide was 
prepared as described by Reiche and Hitz (6). The distillate was about 


* This is Paper 3 of a series on catalases and peroxidases. 

t John Simon Guggenheim Memorial Fellow (1946-48). Present address, Johnson 
Research Foundation, University of Pennsylvania, Philadelphia. 

’ Credit is due Miss Pero Kara for this preparation. 
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0.3 mM. The concentrations were determined by titration as described by 
Stern (1) but more readily by the spectrophotometric method (see Reiche 
(7)). 

Visual Spectroscopy of Catalase Alkyl Hydrogen Peroxides—Stern (1) 
found absorption bands at 535.5 and 580 mu for his compound of catalase 
and ethyl hydrogen peroxide. In his experiments there was always an 
appreciable delay in the formation of the red compound; it was preceded 
by a greenish color which was attributed by him to “concomitant pigments 
in the enzyme solutions.” A repetition of Stern’s visual tests with pure 
catalase and either methy!] or ethyl hydrogen peroxide shows that a diffuse 
absorption band appears at 670 my and is responsible for the transient 
green color of the catalase alkyl hydrogen peroxide solutions. Using a 5 
to 10 uM catalase solution in a 10 cm. tube, one sees the band at 670 mu 
very clearly for about 4 seconds upon the addition of 40 um of methyl 
hydrogen peroxide and less distinctly for about 20 seconds upon the ad- 
dition of 160 um of ethyl hydrogen peroxide. At the end of these times, 
the band at 670 mu disappears, and that at 630 my reappears. With 
stronger catalase, the band at 670 my appears to extend from 640 mu 
towards 700 mu. On addition of larger amounts of the alkyl hydrogen 
peroxides, the green compounds are converted into the red compounds, 
which are stable for several minutes. The red methyl and ethyl hydrogen 
peroxide compounds of catalase have the same visible absorption spectrum, 
judged from the hand spectroscope, and their bands lie at 536 and 57 
my, at approximately the positions found previously by Stern. 

Stern’s red compound is therefore a secondary compound which is pre- 
ceded by a primary green compound, as in the case of the red and green 
peroxidase-hydrogen peroxide compounds (3). 

Relation between Spectral Shifts in Visible and in Soret Region—The 
photosensitivity and the changes of extinction coefficient are so small at 
670 and 580 mu that kinetic studies with the rapid flow apparatus are 
uneconomical of enzyme solution, and use of the Soret region is always 
preferable. Therefore a series of experiments has been carried out in a 
1.33 cm. cuvette to show the correspondence between the spectral shifts 
in the visible and Soret regions. The capillary cuvette of the flow appara- 
tus (8) is replaced by a pair of 1.33 cm. cuvettes. One cuvette is filled 
with 1.13 um of catalase solution (5 cc.), and upon addition of 0.05 ce. of 
0.3 m ethyl hydrogen peroxide and stirring, the transmission changes are 
recorded directly, as shown in Fig. 1. The constant transmission of the 
catalase solution is followed by a sharp spike, indicating the moment at 
which the ethyl hydrogen peroxide is stirred in. Then the kinetics of the 
intermediate compound are recorded. The sensitivity is adjusted ap- 
propriately foreach record. In records B and D, the transmission changes 
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are larger than a few per cent and are not, therefore, directly proportional 
to the concentration of the intermediate compound. In record A at 
650 my, the green compound rapidly forms directly from catalase, and in a 
few minutes disappears. At 580 my there is very little, if any, evidence 
of a rapid reaction; only the slow formation of the relatively stable red 
compound at about the same rate as the green compound disappeared 
at 650 mu. Thus it is shown that the green compound, in accordance with 
the visual tests, forms first and is slowly converted into the red compound. 
Similar records were obtained at 423 and 435 my. At the wave-lengths 
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Fig. 1. The relationship between the spectral shifts in the formation of catalase 
ethyl hydrogen peroxide I and II in the visible region and in the region of the Soret 
band of catalase. The units of earecm.-' X mm™!. The wave-lengths and sensitivi- 
ties (amperes per scale division) used in the four records are as follows: record A, 
650 mu, 6 X 10-12; B, 423 mu, 6.2 X 10-?; C, 580 my, 1.3 X 10-!°; D, 435 my, 7.3 X 
10°, The spacing between two of the heavier lines represents 10 scale divisions. 
An open 1.33 cm. cuvette was used in these experiments. The spike indicates the 
moment at which the ethyl hydrogen peroxide was stirred into the solution. The 
final ethyl hydrogen peroxide concentration was3mM. 1.13 um of horse liver catalase, 
pH 7.0, 0.01 m phosphate (Experiment 145d). 


650 and 423 mu, there are isosbestic points (wave-lengths of equal extinc- 
tion coefficient) for catalase and compound II, and at 580 and 435 my, 
there are isosbestic points for catalase and compound I. Thus the ki- 
netics of these two compounds can be independently recorded at these 
points. The kinetics of compound I are usually recorded at 405 mu, 
because small concentrations of substrate give negligible amounts of com- 
pound II before compound I decomposes into free catalase (9). 

Soret Bands of Primary and Secondary Compounds—As the data of 
Fig. 1 show, the secondary compounds are stable for several minutes when 
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dilute (~1 uM) catalase solutions are used, and the Soret band can be 
measured directly in the Beckman spectrophotometer, as shown in Fig, 2, 
Curves IIa and IIb. To insure that compound I has been completely 
converted into compound II, the spectrum is measured after the initial 
change of optical density at 421 my upon addition of the peroxide has de. 


400r 


100 








l ie 
370 410 450 


A-mu 

Fig. 2. The Soret bands of the primary and secondary catalase-alkyl hydrogen 
peroxide complexes. The curve following the circles is the Soret band of catalase. 
Curves IIa and IIb are the Soret bands of catalase methyl hydrogen peroxide II 
and catalase ethyl hydrogen peroxide II respectively. The Soret band of the pri- 
mary catalase-alkyl hydrogen peroxide complex is given in Curve I and is obtained by 
subtracting from Curve IIa the changes of extinction coefficient found in the rapid 
flow apparatus corresponding to the conversion of compound I to II. Curve Ila, 
0.64 um horse erythrocyte catalase, 300 um of methyl hydrogen peroxide (Experiment 
139). Curve IIb, 0.57 um of catalase, 5, 10, 100 mm of ethyl hydrogen peroxide. Curve 
I (A) 0.66 um of horse erythrocyte catalase, 100 um of methyl hydrogen peroxide; 
and (0) 200 um of ethyl hydrogen peroxide (Experiments 127b and 130a). All curves, 
pH 6.5, 0.01 m phosphate buffer. 





0 


creased to zero. Also the density at 435 mu is checked before and after the 
measurement to insure that complex II has not decomposed. 

It has been found with both horse radish peroxidase and lactoperoxi- 
dase (10) that the extinction coefficient of the secondary complexes is the 
same, regardless of whether methyl or ethyl hydrogen peroxide is used. 
Here the shapes of Curves Ila and IIb are similar, but the extinction 
coefficient of catalase ethyl hydrogen peroxide II as measured in the 
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Beckman spectrophotometer is usually found to be slightly less (és 
= 232 cm.-'! X m7") than that of the methyl hydrogen peroxide complex 
(eos = 242 cm.' X mm). Since 10 to 100 times more ethyl hydrogen 
peroxide than methy] hydrogen peroxide are required to stabilize the ethyl 
hydrogen peroxide complex for the duration of the experiment, some cata- 
lase is probably destroyed when ethyl hydrogen peroxide is used. The 
data for methyl hydrogen peroxide are therefore considered to be more 
accurate. 

In the ordinary spectrophotometer, the conversion of complex I into 
complex II begins before satisfactory measurements can be made (see 
Fig. 1). Therefore, the rapid flow apparatus is used to measure the change 
of optical density from complex I to complex II as illustrated by Figs. 3 
and 8 of Chance (9). The values obtained in such experiments are identi- 
cal within the experimental error for the methyl and ethyl hydrogen 
peroxide complexes, as Fig. 2 shows. These changes of optical density 
are converted into changes of extinction coefficient as before (4), except 
that here the optical density change at 435 my (where complex I and 
catalase have isosbestic points) is used to calculate the scale factor for the 
conversion from change of optical density to change of extinction coeffi- 
cient at the other wave-lengths. By subtracting these changes of extinc- 
tion coefficient from Curve Ila, Curve I is obtained. 

If Curve I is constructed by applying the changes of extinction coefficient 
from catalase to complex I to the catalase spectrum, the curve lies above 
that given in Fig. 2 in the region of 405 mu. The method described above 
is considered to be more accurate because the changes of extinction coef- 
ficient between Curves II and I are smaller and the shapes of the curves 
are more alike than are the catalase spectrum and Curve I. Therefore, 
errors caused by excessive spectral interval have a small effect upon the 
values of extinction coefficient of Curve I. 

In experiments with horse liver catalase, the Soret bands of the second- 
ary complexes of methyl and ethyl hydrogen peroxide were found to be 
nearly identical. The maximum extinction coefficient (€5 = 204 em. 
X ma") is less than that obtained with horse erythrocyte catalase in Fig. 
2 (€5 = 242 cm.-! X mm) in accordance with studies of the cyanide com- 
plex (11). 


DISCUSSION 


The primary catalase-alkyl hydrogen peroxide complexes are now identi- 
fied as greenish colored complexes which precede the red secondary com- 
plexes, the general effect closely resembling that found by Theorell for 
horse radish peroxidase and hydrogen peroxide (3). As observed in the 
hand spectroscope, the addition of alkyl hydrogen peroxide to catalase 
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gives a large decrease of absorption in the green region and the formatio, 


of a diffuse band at 670 mu. A similar band of the primary catalag. | 
hydrogen peroxide complex has been demonstrated spectrophotometr. | 


cally (2). 
The Soret bands of the primary complexes of catalase with methyl 


ethyl hydrogen peroxide are the same but are much less intense than the | 
Soret band of catalase hydrogen peroxide. The Soret bands of the pri. | 
mary peroxidase-peroxide complexes are identical, regardless of whether | 
hydrogen peroxide or alkyl hydrogen peroxide is attached to peroxidag | 


hematin. It is reasonable to conclude that the decrease of extinction 
coefficient of the Soret bands of the catalase-peroxide complexes pe 


hematin iron group bound to peroxide is identical for hydrogen peroxides | 
and alkyl hydrogen peroxides. Thus the difference between the intensity | 


of the Soret bands of the primary catalase-hydrogen peroxide and catalase. 
alkyl hydrogen peroxide complexes is caused by a difference in the number 
of hematins bound to peroxide. 

The Soret bands of the primary complexes of catalase and methyl or 
ethyl hydrogen peroxide are about half the intensity of the Soret band of 
the free enzyme and are of a shape generally similar to that of the free 
enzyme. No other known compound of catalase has a similar Soret 
band. In fact, a Soret band of this type is obtained only when the por 
phyrin ring is opened, as in the degradation of hemoglobin (12) or when 
the bile pigment content of catalase is increased (11), for example, by treat: 
ment with a large excess of hydrogen peroxide (13). The decrease of ex- 
tinction coefficient at 405 my obtained on formation of the primary alky! 


hydrogen peroxide complex (Aes = 45 cm.-' X mm per hematin iro | 
bound to peroxide) roughly equals the difference between a three- and four | 


hematin catalase (Aéus = 380 to 340 = 40 cm. X mm for one hematin 
converted to bile pigment). But the peroxides combine directly with the 
iron atom of catalase and not to the methine bridges of the porphyrin 
ring (14). Speculation as to whether the porphyrin ring is actually ox: 
dized on formation of the primary complex by electron transfer from the 
iron-peroxide complex and is then reduced on reaction with the reducing 
substrate or acceptor affords very interesting possibilities but is premature 
at this time. 

The visible absorption bands of the secondary catalase-alkyl hydrogen 


peroxide complexes lie at 536 and 572 my, at approximately the positions | 
found by Stern (1). Recently the secondary catalase-hydrogen peroxide | 


complex has been found, and it has the same visible absorption bands 
Whereas the Soret bands of the peroxidase-alkyl hydrogen peroxide com- 
plexes are identical (10), the extinction coefficient of catalase ethyl hydro 


gen peroxide II was found to be slightly less than that of catalase methyl | 
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hydrogen peroxide II. This is probably caused by slight destruction of 
the enzyme by the large excess of ethyl hydrogen peroxide. 

The valence of the iron in the primary catalase-alkyl hydrogen peroxide 
complexes is established as ferric because of the lack of any carbon monox- 
ide inhibition of the oxidation of alcohols (9). Also, cyanide has been 
shown to compete with peroxide for the iron atoms of catalase hematins 

14). 
1 secondary catalase-peroxide complexes are not enzymatically ac- 
tive, and their valence is not indicated by these activity tests. However, 
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Fie. 3. The Soret bands of catalase cyanide and azide catalase. @ represents 
the Soret band of catalase. 0.6 um of horse blood catalase, 70 um of cyanide, or 3 
mo of azide; pH 6.5, 0.01 m phosphate buffer (Experiments 285 and 284). 


the relationships between absorption spectra and iron bonding, which were 
established by Theorell (15) and recently summarized by Hartree (16), 
are applicable here. Catalase cyanide has been shown to be a ferric iron 
compound with covalent bonds by magnetic susceptibility tests (17). 
Its visible and Soret bands (compare Figs. 2 and 3) resemble those of the 
secondary catalase-peroxide complexes. By analogy, these secondary cata- 
lase-peroxide complexes are also ferric compounds with covalent bonds. 

No measurements have yet been made of the magnetic susceptibility of 
the primary catalase-peroxide complexes, and spectral analogies are weak 
because there is no compound of catalase which has a similar spectrum. 
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Azide catalase is colored green and has been found to be a ferric compound 
with ionic bonds (17). But there is a very remote similarity between the 
Soret bands of azide catalase and the primary catalase-peroxide complexes, 
as Figs. 2 and 3 clearly show. Only by analogy with the primary peroxi. 
dase-peroxide complexes can the bond type of the primary catalase. 
peroxide complexes be established as ionic. The experimental data for 
the bond type of the primary peroxidase-peroxide complexes is, however, 
weak (10). 


The formation of a covalent iron-peroxide bond does not necessarily | 


explain the slow conversion of the primary to the secondary catalase. 
peroxide complexes; such a shift can occur in peroxidase as rapidly as 
peroxide combines with the iron atom to form the primary complex (10), 
Nor is it true that covalent compounds of hematins form very slowly; 


the covalent catalase (18) and peroxidase (19) cyanides form fairly rapidly, | 


Evidence is now accumulating for the importance and generality of the 
green primary peroxide complexes of presumably ionic bonds in catalysis 
by catalase, horseradish peroxidase (10), and lactoperoxidase (10). On 
the other hand, it is not yet established that cytochrome c peroxidase 
forms such a complex (20), but the ability of the horseradish peroxidase 
to oxidize ferrocytochrome c (10) indicates that the reaction mechanism 
is very similar in these two cases. Verdoperoxidase has been observed to 
form a green complex but no red complex (21). No green complex of 
methemoglobin with peroxides has yet been observed. 


SUMMARY 


1. Catalase forms primary and secondary enzyme-substrate compounds 
with methyl] or ethyl hydrogen peroxide. 

2. The primary complexes are green and have a diffuse absorption band 
starting at 670 my. The secondary complexes are red and have visible 
bands at 536 and 572 my in approximately the positions found by Stem 
in his work on catalase ethyl hydrogen peroxide II. 

3. These complexes contain ferric iron according to the lack of carbon 
monoxide inhibition and spectral analogy. In the secondary complexes, 
the iron is probably bound by covalent bonds according to spectral anal- 
ogy with the covalent cyanide compound. In the primary complexes, 
the iron is probably bound by ionic bonds according to spectral analogy 
with the primary peroxidase-peroxide complexes. 

4. In the primary catalase-alkyl hydrogen peroxide complexes, the 
Soret bands are similar in shape to that of the free enzyme but are shifted 
towards the visible region of the spectrum by several millimicrons. At 
405 my, the decrease of extinction coefficient is the same for ethyl and 
methyl hydrogen peroxide, about 180 cm.-! X mma for an erythrocyte 
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catalase or about 45 cm.-' X mm per hematin iron group bound to 
peroxide. 

5. The Soret band of the secondary catalase-methy! hydrogen peroxide 
complex resembles that of catalase cyanide and has a maximum value, 
@2 = 242cm.-' X mm. The Soret band of the secondary catalase- 
ethyl hydrogen peroxide complex was found to be slightly smaller, owing 
probably to catalase destruction. 

6. It is probable that the reaction of all catalases and peroxidases with 
peroxides involves the primary formation of the same type of complex. 
The exact nature of this complex is not known; the spectroscopic data 
suggest that changes in the porphyrin ring of the hematin group may be 
involved. 
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THE PRIMARY AND SECONDARY COMPOUNDS OF CATALASE 
AND METHYL OR ETHYL HYDROGEN PEROXIDE 


II. KINETICS AND ACTIVITY* 


By BRITTON CHANCET 


(From the Biochemical Department of the Nobel Medical Institute, Stockholm, Sweden, 
and the Johnson Research Foundation, University of Pennsylvania, Philadelphia) 


(Received for publication, December 18, 1948) 


The catalase-ethyl hydrogen peroxide compound studied by Stern (1) 
formed slowly, even in the presence of a very large concentration of ethyl 
hydrogen peroxide. In the previous paper (2), Stern’s compound has been 
shown to be preceded by a green primary compound. These kinetic 
studies show that the primary compound forms rapidly, has a high affin- 
ity! for its substrate, and quantitatively fulfils the requirements for a 
Michaelis intermediate. The primary compound of catalase and methyl 
hydrogen peroxide has similar properties. 

Keilin and Hartree have demonstrated the oxidation of ethanol to acet- 
aldehyde by catalase and ethyl hydrogen peroxide (3). Whereas they 
believed that this peroxidatic oxidation was caused by the production of 
hydrogen peroxide from ethyl hydrogen peroxide, the reaction is shown 
here to be a peroxidatic reaction of the primary catalase ethyl hydrogen 
peroxide compound with ethanol. The oxidation of acceptors? such as 
the lower alcohols is a property common to the primary catalase alkyl 
hydrogen peroxides and catalase hydrogen peroxide (4). The reactivity 
of these three compounds towards alcohols is about the same. 

The variation of the velocity of the reaction of catalase with alkyl 
hydrogen peroxide and with alcohols of different sizes indicates that the 
accessibility of the iron atom in catalase hematin is limited to small sub- 
strate and acceptor molecules. 

The relative reactivity of the primary and secondary enzyme-substrate 
compounds towards alcohols has been evaluated and the inhibition of the 
oxidation of alcohols by the formation of the secondary catalase alkyl 
hydrogen peroxide compounds is demonstrated. 


*This is Paper 4 of a series on catalases and peroxidases. 

t John Simon Guggenheim Memorial Fellow (1946-48). Present address, John- 
son Research Foundation, University of Pennsylvania, Philadelphia. 

* “Affinity”’ is frequently used here to mean the reciprocal of the dissociation con- 
stant of the enzyme-substrate compound. 

*“Acceptor” is here defined as the molecule which is oxidized by the enzyme- 
substrate complex. 
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Kinetics and Equilibria of Primary and Secondary Compounds of Cat. 
lase with Ethyl or Methyl Hydrogen Peroxide—The reactions studied jy 
this section are the combination of catalase (EZ) with alkyl hydrogen per. 
oxide (.S) to form the primary complexes (£'S)), 


E+S—"— ES; () 
2 


and their conversion into the secondary complexes (ES,;) 
k 
ES, — ESn (2) 
8 


The iron atoms of catalase are assumed to react independently. 

Catalase Ethyl Hydrogen Peroxide I—In dilute ethyl hydrogen peroxide 
and catalase solutions, the formation of compound II is so slow that the 
kinetics of compound I are satisfactorily recorded at 400 to 410 my before 
a considerable quantity of compound II has formed. Fig. 1 shows the 
formation and disappearance of compound I in the presence of several 
different initial ethyl hydrogen peroxide concentrations. These records 
were obtained in the rapid flow apparatus. The capillary cuvette is 
initially filled with the end-product of the previous experiment, free cata- 
lase, and then is rapidly refilled with mixed but unchanged catalase and 
ethyl hydrogen peroxide. Their reaction proceeds and causes an abrupt 
decrease in optical density, as indicated by the downward deflection of 
the recorder tracings in Fig. 1. A steady state ensues for about 30 seconds 
and then the intermediate compound disappears, owing to exhaustion o 
the substrate. The kinetics of catalase ethyl hydrogen peroxide I beara 
strong resemblance to those of peroxidase hydrogen peroxide II in the 
presence of ascorbic acid (5). 

The initial phases of the reactions of Fig. 1 have been recorded ona 
faster time scale and, at a particular initial concentration of ethy! hydrogen 
peroxide, the course of the reaction is shown in the tracing and graph of 
Fig. 2, aand b, to follow the second order equation. As in previous records 
with the rapid flow apparatus, the downward deflection of the top tracing 
of the kinetic record represents the flow velocity of the reactants down the 
observation tube. Since this is a slow reaction, the optical density of 
free catalase is obtained while the reactants are flowing. When the flow 
stops, the combination of catalase and ethyl hydrogen peroxide proceeds, 
and the kinetics of formation are recorded directly against time. The 
half times of the formation of the complex are recorded in Table I for 
various initial ethyl hydrogen peroxide concentrations and are seen t 


be in fairly good accord with the second order equation. Thus compound } 


I is formed by the bimolecular combination of all the catalase hematifs 
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(6) with ethyl hydrogen peroxide and iy 2x 10' mw! X sees. The 
dissociation constant for catalase and ethyl hydrogen peroxide is here cal- 
eulated without regard for the disappearance of ethyl hydrogen peroxide 
due to the enzymatic activity and is found to be 5.3 & 10-6 mM. The cor- 
rection for the loss of substrate is given later. 

Catalase Methyl Hydrogen Peroxide I—The primary catalase methyl 
hydrogen peroxide compound forms more rapidly than does the ethyl 


on 
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Fic. 1. Rapid spectrophotometrie recordings of the formation and disappearance 
of catalase ethyl hydrogen peroxide I. The saturation value corresponds to 48 
scale divisions. 5.7 um of hematin iron horse liver catalase; \ = 405 my, pH 6.7, 0.01 
M phosphate (experiment CED 


hydrogen peroxide compound, as is shown by comparing the tracings A 
and B of Fig. 2,a. This reaction is clearly of the second order as shown by 
Graph B of Fig. 2, b, and over the range covered by the data of Table II, 
the average value of k; is 0.85 X 108m X sec.-!. The larger velocity 
constant for the formation of this compound gives a nearly proportional 
increase in the affinity of catalase for methyl hydrogen peroxide com- 
pared with ethyl hydrogen peroxide. Since the enzyme concentration is 
larger than the dissociation constant, the error of this determination is 
rather large (K = 2 X 10-7 Mm). The effect of enzymatic decomposition of 
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Fic. 2. (a) Reeords of the formation of catalase ethyl hydrogen peroxide I (A 
and catalase methyl hydrogen peroxide I (B) obtained by the stopped flow method 
(6) These curves are plotted according to the second order equation in Graphs A 
and B respectively. The sensitivity of the apparatus was about twice as great im 
tracing Basin A. The rises of the tracings of the original records have been It 
touched. 
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the substrate has again been neglected and will be discussed later, as will 
the method of calculation of the data in Table II on the velocity constant 
for the decomposition of the intermediate compound. 

Catalase Ethyl Hydrogen Peroxide II—The relative rates of formation 
of the primary and secondary compounds of catalase and ethyl hydrogen 


TaBLe I 
Kinetics and Equilibrium of Primary Catalase-Ethyl Hydrogen Peroxide Complex 


Horse liver catalase; pH 6.7, 0.01 m phosphate, \ = 410 mu (Experiments 77 
and 91e). 





























Initial ethyl hydrogen peroxide 5 10 |25 |50 | 25 100 =|200 
concentration, um | | 

Initial concentration of catalase 5.5 | 5.5) 5.5 | 5.6| 3.4| 3.4| 3.4 
hematin iron, uM 

Maximum concentration of com- | 2.0| 3.1] 5.3| 5.5| 2.8| 3.3] 3.4 
plex I, um | 

Half time for formation of com- 5.3 2.6; 1.6) 0.9} 3.0; 0.70) 0.36 
plex I, sec. 

2nd order velocity constant, ki X 8.4 | 3.0} 1.8] 1.7] 1.0] 1.0] 0.90 
10 uw X sec.“ 

Dissociation constant, K X 108° u §.2 | 5.3 5.3 

Taste II 


Velocity Constants for Formation and Spontaneous Decomposition of Primary 
Catalase-Methyl Hydrogen Peroxide Complex 


1.9 um of hematin iron guinea pig liver catalase; pH 6.7, 0.01 m phosphate, A = 
405 mp (Experiment 120b). 





Initial methyl hydrogen peroxide, um | 0.29 | 0.58 | 1.5 2.9 15 58 
Concentration of complex I at t, um 0.24 | 0.60 | 0.95 0.95 | 0.62 

t, sec. 0.33 | 0.39 | 0.30 0.06 | 0.0086 
2nd order velocity constant, ki X 0.90 | 0.84 | 0.96 0.76 | 0.80 
P 10 w X sec. 

Dissociation constant, K X 10" u 3 2 


Maximum concentration of complex | 0.40 | 0.48 | 1.20 | 1.9 1.9 | 1.9 
I, ue 
Ist order velocity constant for de- | 0.017 0.016 | 0.015 
composition of catalase methyl 
hydrogen peroxide (by Equation | 
12), sec.-1 | 























peroxide are shown by the records of Fig. 3. At 395 mu, compound I is 
seen to be partially formed at the highest value of flow velocity correspond- 
ing to a time after mixing of several milliseconds and the reaction is com- 
Plete about 0.1 second after the flow stops. At 435 my, the formation 
of compound II does not begin until the formation of compound I is nearly 
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complete. The wave-length, 395 my, is approximately the isosbestic 
point (wave-length of equal extinction coefficient) for compounds I and 
II, and this record shows a slight decrease of optical density due to the 
conversion of compound I to compound II. 

Although compound II does not form until after compound I, the rate 
of formation of compound II does increase with increasing ethyl hydrogen 
peroxide concentration, as is shown in Table III. The deviations from 
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Fig. 3. A comparison of the reaction kinetics of compounds I and II of guinea 
pig liver catalase (3.6 um of hematin iron) and ethyl hydrogen peroxide (50 mm) at 
two wave-lengths (Experiment 126). 


a second order reaction over the range of ethyl hydrogen peroxide con- 
centrations are very great. 

The slowness of this reaction had already been recognized by Stern (1) | 
and was discussed as the “lag period” of a duration of about 3.8 seconds. | 
Later experiments of Stern and DuBois (7), as estimated from their Fig 
8, give a half time of 2 seconds and a value of k; = 3.5 m7 X sec? il 
0.1 m ethyl hydrogen peroxide. This value agrees roughly with an extr 
polation of Table IIT. 
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But the great discrepancy between these data and those of Stern (1) 
lies in the dissociation constant for compound II. While Stern required 
0.3 m ethyl hydrogen peroxide to achieve saturation of compound II at 
3°, the dissociation constant of compound II given in Table III is about 2 
x 10m. Neither Stern’s value nor this value is, however, corrected 
for decomposition of the ethyl hydrogen peroxide during the formation of 
compound II. 


TABLE III 


Kinetics and Equilibrium of Secondary Catalase-Ethyl Hydrogen Peroxide Complex 


3.6 um of hematin iron guinea pig liver catalase; pH 6.7, 0.01 m phosphate, A = 
435 mu (Experiments 126 and 147). 





Initial concentration of ethyl hydro- | 20 40 60 | 4000 | 10,000 | 50,000 
gen peroxide, uM 
Maximum concentration of complex 2.0) 2.5) 2.4 3.6 3.6 3.6 
II, um 


























Half time for formation of complex | 57 81 47 17 6.7). 1.0 
II, sec. 
2nd order velocity constant, wm! X | 610 | 215 | 240 10 10.3 14 
sec,~! 
Dissociation constant, um X 105 1.3} 1.6 3.0 
TaBLe IV 
Kinetics and Equilibrium of Secondary Catalase-Methyl Hydrogen Peroxide 
Complex 


2.4 um of hematin iron horse liver catalase; pH 6.7, 0.01 m phosphate, A = 435 
my (Experiment 136). 





Initial methyl hydrogen peroxide 3.3} 16 | 33 50 91 330 
concentration, um 


Maximum concentration of complex 1.1 1.5 2.2 2.3 2.4) 2.4 
II, uM 

Half time for formation of complex 84 53 27 35 17 9.5 
II, sec. 


2nd order velocity constant, m~! X | 1250 | 840 830 410 460 220 
sec,—} 


Dissociation constant, a X 108 2.6, 8.7 2.8 2.2 























Catalase Methyl Hydrogen Peroxide II—As in the case of the primary 
compounds, catalase methyl hydrogen peroxide II forms more rapidly and 
has a smaller dissociation constant than the ethyl hydrogen peroxide 
compound. Records are shown later (Fig. 8) which indicate a similar 
delay in the formation of compound II until compound I has formed. 
Nevertheless, the data of Table IV show that the kinetics of this reaction 
follow a second order equation better than do those of catalase ethyl 
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hydrogen peroxide II and definitely suggest that the formation of com. 
pound II involves more than a first order conversion of compound I to 
compound II. The equilibrium constant (K = 4 X 10 M) is later re. 
calculated. 


Decomposition of Primary Compounds 


General Theory—The decomposition of catalase hydrogen peroxide into 
free catalase has been shown to occur in two ways: first, in a slow spon- 
taneous reaction, and second, in a fast reaction in which the alcohol is 
oxidized to aldehyde (4). Fig. 1 shows that the primary catalase-ethy] 
hydrogen peroxide complex spontaneously decomposes into free catalase 
in the absence of alcohols and later data will show the rapid reaction of 
this complex with alcohols. Since the method of calculation of the veloc- 
ity constants for the decomposition of the intermediate compound from 
kinetic data is similar in both cases, the formulas for these two conditions 
will be derived. 

Whereas the reaction kinetics of catalase hydrogen peroxide represent 
the decomposition of but 1 molecule of catalase hydrogen peroxide (be- 
cause the “‘catalatic” reaction’ destroys all the peroxide except that which 
becomes attached to one of the catalase hematins (4)), there is no measur- 
able catalatic activity with the alkyl hydrogen peroxide, and the reaction 
kinetics represent the successive recombinations of catalase (£) with alkyl 
hydrogen peroxide (S) to form the primary complex (ZS) and to de- 
compose spontaneously or to react with the acceptor (A). The concen- 
trations of the reactants at any time are written under the symbols £, 
A, S,and ES. The nature of the products Q; and Q:; and the effect of the 
secondary complexes upon the activity are discussed later. 


E+S8 = ES: () 
(e — p) (z) (p) 

Bs. Ms B +Q (4) 

(p) 
ae on. vow we (5) 
(p) (a) 


The differential equations for the formation of the intermediate compound 


2 “Catalatic” activity is here defined as the reaction of a hemoprotein with hy- 
drogen peroxide, giving water and oxygen. 

‘The kinetics are similar to those already treated previously (5) for peroxidase 
and hydrogen peroxide. In this case, however, full account is taken of the acceptor 
concentration and the equations are thereby more complex. 
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(dp/dt) and the disappearance of alkyl hydrogen peroxide (— dx/dt) and 
of alcohol (— da/dt) are 


d 
4 = k,z(e — p) — kp — kp — kkap (6) 
d 

-2 = ki z(e ~ p) — kyp (7) 
da 

—m kap (8) 


By addition of Equations 4 and 5 


da 
ats" —(ky + ku a)p (9) 
and at any time 
t 
t= m—p— (tho) [pat (10) 
0 


where 2 is the initial value of x and a is assumed to be constant at its in- 
itial value a. On integrating between t = 0 and ¢ = © and substituting 
limits att = 0 of p = 0,2 = a, andatt = ©, p = Oandz = 0, 


Xo 
r pdt (11) 
0 


From recent solutions of Equations 6, 7, and 8 obtained by the differen- 
tial analyser’ the factor fj'pdt is very nearly equal to pmax.ttor Where 
trot is the time interval from ¢ = 0 until p has fallen from its maximum 
value Pmax. tO Pmax./2. This had previously been found to be the case 
for the simpler differential equations (5). 





ki = hy + key = ——— (12) 
Pmax. ¢4 ott 

It is thus possible to evaluate k; by setting a9 = 0. The value of ks thus 
found is applied as a correction to the rate when a =~ 0, and in this way the 
true value of ky is found. The quantity pmax. must be evaluated in moles 
per liter. In these experiments (see Figs. 1, 4, and 5), pmax. is usually 
obtained as a fraction of the maximum value, p = e. For the peroxi- 
datic reactions of the catalase alkyl hydrogen peroxidase in which all the 


* Massachusetts Institute of Technology Center of Analysis, Differential Analyser 
Problem 164. These solutions, as those used previously (5), were obtained for 1 
uM of enzyme only. The empirical relations, however, appear to be valid over a 
reasonable range of enzyme concentrations. 
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intact hematins may be bound, e is the enzyme concentration in terms of 
hematin iron. The value of e may be determined directly as pyridine 
hemochromogen with the expenditure of catalase solution or more con- 
veniently from the optical density of catalase at 405 mu. The extinction 
coefficients of horse blood and liver catalases are known, and in these ex. 
periments the hematin iron content is obtained by multiplying the catalase 
molarity by 4 or 3 respectively. For low hematin catalases, it is preferable 
to use the more direct pyridine hemochromogen test (8). 

In the reactions of catalase hydrogen peroxide, the value p = e is ap. 
proximately the catalase molarity, since only about one catalase hematin 
is bound to hydrogen peroxide. Nevertheless, the values of k, calculated 
for hydrogen peroxide or for the alkyl hydrogen peroxides are directly 
comparable, since they refer to the reaction velocity of one hematin perox- 
ide group with the acceptor. 


TABLE V 
Calculation of k; from Data of Fig. 1 by Equations 11 and 12 

















Ss ni do Sikis's o's bcos whe decd 5 10 25 | 50 
oO 
[ ee re Rea ined ti ere 130 250 510 1060 
0 
k, from Equation 11, sec.“................. 0.040 0.040 0.049 0.047 
BILD Oy Aes Gd BE idccadsdcn 2.0 3.1 5.3 5.5 
1 a ee 65 85 130 200 
k, from Equation 12, see... ...............- 0.039 0.038 0.036 0.044! 





Breakdown Constant and Michaelis Constant for Catalase Ethyl Hydrogen 
Peroxide I—A check of Equations 11 and 12 is afforded by the data of 
Table V, and it is seen that there is good agreement between the values of 
ks calculated from the data of Fig. 1. The constancy of ks over the 10- 
fold range of ethyl hydrogen peroxide concentration gives strong support 
to the mechanism represented by Equations 3 and 4; a single intermediate 
compound determines the reaction velocity, as was found in the case of 
peroxidase, hydrogen peroxide, and ascorbic acid or leucomalachite green 
(5). This decomposition of catalase ethyl hydrogen peroxide is, however, 
a “spontaneous” reaction, since no acceptor was added. 


It is possible that some alcohol was present in the ethyl hydrogen | 


peroxide owing to its decomposition after distillation, and it is necessary 
to prove that the “spontaneous” decomposition actually occurs. If 
alcohol were present, the values of ks found in Table V should have beet 
calculated according to Equations 11 or 12 in this manner: 


ki = ke + kefzo (13) | 
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where f is the fraction of x» which is ethanol. It will be shown later that 
ky is about 2000 m~ X sec.'. The value of f can be determined in two 
ways. (1) If ks; = O and alcohol is responsible for the observed value of 
ky, what is the required alcohol concentration? From the relation k,’ 
= kfxo, f must range from a minimum of 0.46 at x = 50 um to a maximum 
of 3.5 at % = 5 uM. It is very unlikely that the alcohol concentration 
derived from decomposition of ethyl hydrogen peroxide could be so high. 
(2) If ks is not zero, then the portion of the activity carried by the alcohol 
can be calculated from the increase of k;’ with 2», 


a; 
Fs kif (14) 


Between % = 5 to t = 50 uM, f can be no higher than 0.08. Thus the 
contribution to the observed rate by alcohol is negligible (0 to 0.008 sec.-"). 

The constancy of k; in Table V indicates that the mechanism of de- 
composition of the catalase ethyl hydrogen peroxide compound in Fig. 1 
is due to a spontaneous decomposition of the enzyme-substrate compound 
as found with peroxidase and the concentration of alcohol which might 
lead to a peroxidatic reaction is too small to be a significant factor in these 
reaction kinetics. At larger values of x the effect of an alcohol impurity 
is shown to be quite pronounced (9). 

Michaelis Constant—On the assumption that k., the reversible break- 
down of the catalase-ethyl hydrogen peroxide complex, is negligible, and 
under the condition that no acceptor is present (a) = 0) the Michaelis con- 
stant is simply the ratio of the rates of decomposition and formation of 
the intermediate compound, approximately 2 xX 10 M. 

The Michaelis constant may also be calculated directly from the curves 
of Fig. 1 in a manner described previously (5). The method of calculation 
used in Tables I and II is not exact, since the value of z when p = maz. 
must be calculated from Equation 10 by using the mean value of k; in 


Table V. Then K,, is readily calculated according to the steady state 
formula 


Kn -2(*- 1) (15) 

Pmax. 
The values of K,, are calculated for 5 and 10 um of ethyl hydrogen peroxide 
only, since at higher concentrations a small error in pmax. g:ves a large 
change in the expression (e/pmax.) — 1. The average value calculated 
in Table VI (K, = 3 X 10-* m) is somewhat higher than that calculated 
from kinetic data. A possible explanation of this discrepancy is that ke, 


the reversible breakdown of the intermediate compound, is not zero but 
has a value of 0.02 sec.—. 
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Breakdown Constant and Michaelis Constant for Catalase Methyl Hy. 
drogen Peroxide I—The data given in Table II have been calculated by 
Equation 12 and show that the spontaneous breakdown of catalase methy] 
hydrogen peroxide I is somewhat slower (0.016 sec.—') but otherwise quite 
similar to that of catalase ethyl hydrogen peroxide I. The constancy of 
ks lends support to the mechanism of Equations 3 and 4. 

From kinetic data, the Michaelis constant for catalase and methy! 
hydrogen peroxide to form the primary compound is given by the ratio 
k3/k, = 0.016/8.5 X 108 = 2 X 10-*M, an enzyme-substrate affinity com- 
parable with that of peroxidase for hydrogen peroxide. The dissociation 
constant given in Table II was in error, owing to the decomposition of 
substrate during the formation of the intermediate compound. In a 
calculation similar to that in Table VI, but on the basis of much less ex- 
tensive data, the dissociation constant for catalase methyl hydrogen 
peroxide I is found to be 1 X 10-7 m. Since kj = 2 X 10-* M, ky may 














TaBLeE VI 
Calculation of Km from data of Fig. 1 According to Equations 10 and 15 
t= tof : t= tof pmax. | e * 
xz fi aaa haf! jas Pma: | Pmax. x p wiod —1 Kn 
pM pm X sec. pM | pM pM | uM 
5 34 1.4 2.0 1.6 | 1.8 2.9 
10 60 2.4 | 8.0 4.6 | 0.85 3.4 











have a value of about 0.1 sec.~'. However, both the values of the disso- 
ciation constant and ky, are maximum values. 


Peroxidatic Activity of Primary Compounds 


Catalase Ethyl Hydrogen Peroxide I—If ethanol and ethyl hydrogen 
peroxide are mixed with catalase, the striking changes of the kinetics of 
compound I shown in Fig. 4 are obtained. Both pmax. and (4 ors decrease 
regularly with the increase of ethanol concentration. Also the values of 
k;’ calculated according to Equation 12 are seen to increase regularly. 
Since ks = 0.04 sec.-!, the values of k, are calculated from Equation 12, 
since ad is known and is assumed to be constant throughout the reaction. 

If the experiment of Fig. 1 is now repeated in the presence of ethand, 
as in Fig. 5, it is seen that the life time of the intermediate compound is 
much shorter, and the initial concentrations of ethyl hydrogen peroxide 
required to saturate the enzyme are much larger. The values of ky cal 
culated by Equation 12 are relatively constant in spite of the change d 
saturation of the intermediate compound from 20 to 80 per cent. 
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— Catalase Methyl Hydrogen Peroxide I—The data of Table VII clearly 
a show that the activity of this intermediate compound towards ethanol is 
~~ very similar to that of catalase hydrogen peroxide (4) and somewhat less 
a _ than that of catalase ethyl hydrogen peroxide. 
wil | The spectroscopic cycles of catalase methyl hydrogen peroxide I are 
thyl completed much more rapidly than those with ethyl hydrogen peroxide 
othy 
ratio FREE = é 
pre: CATALASE 
ation | A= 400M 
on of | SATURATION 
In a | FOR 

COMPOUND I 
38 @X- 
rogen ETHANOL— UM ) 40 100 200 
may k's - sec™! 0.04 0.10 0.20 0.42 


kg—m-'x sec~!x 10-5 oo 15 2.0 2.1 


Fig. 4. The effect of variation of ethanol concentration upon the kinetics of the 
catalase ethyl hydrogen peroxide compound. 33 uM of ethyl hydrogen peroxide, 


3.4 um of hematin iron horse liver catalase; pH 6.5, 0.01 phosphate buffer (Experi- 
Km ment 88). 
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PEROXIDE—}\M_ 6.7 i7 33 67 
drogen \! ‘ 
ties of 3—~ SEC 0.53 0.53 0.43 0.40 
crease Kg Mx secm!xio-3. 25 25 2.0 L8 
tues Fic. 5. The effect of a variation of initial ethyl hydrogen peroxide concentration 
me upon the kinetics of the catalase ethyl hydrogen peroxide compound, 200 um of 
jon 12, 


ethanol, 3.4 um of hematin iron horse liver catalase; pH 6.5, 0.01 m phosphate buffer 
action. (Experiment 88). 


thandl, 

oundis  8Nd are more suitable for detailed experiments. Equation 12 has there- 
eroxide fore been tested over a wide range of variation of pmax. in order to obtain 
ky cal | @Vidence for any difference between the four erythrocyte catalase hematins. 
ange d | The constancy of ky at both 405 and 421 my given by Fig. 6 affords no 


indication of any difference in the peroxidatic activity of the catalase 
hematins. 











1354 CATALASE PEROXIDES. KINETICS 


Taste VII 


Velocity Constant for Reaction of Primary Catalase-Methyl Hydrogen Peroxide 
Complex and Ethanol Calculated by Equation 12 


3.3 um of hematin iron guinea pig liver catalase; pH 6.7, 0.01 m phosphate, ) = 
405 my (Experiment 123). 


$$... 


Initial methyl hydrogen peroxide concen- | 5.8 | 5.8 














5.8 5.8 
tration, um 
Initial ethyl alcohol concentration (ao), um | 0 200 | 400 1000 
Maximum concentration of complex I, uw | 3.3 * a 2.9 2.3 
ty otf, Sec. | 59 | Sa; 447% 2.4 
ks, ks’, sec. | 0.03 | 0.30] 0.48 1.1 
kyao, sec.— | 0.27 | 0.40 1.1 
ky, M™ X sec. | | 1350 | 1000 1100 
x x 
1000+ © , 
ka 3 x-@ as oe 
m7'x secu ” 
% 05 10 
Pmax 


e 
Fig. 6. The relation between pmax/e and ky at 405 (O) and 421 (X) mu. 2.36 
um Of hematin iron horse blood catalase, 1 mM of ethanol, and methyl! hydrogen per- 
oxide concentrations ranging from 1 to 40 um; pH 6.5, 0.01 m phosphate (Experiment | 
156a). 


TaB.eE VIII 
Comparison of Peroxidatic Activities of Horse Blood and Horse Liver Catalases 


21 um of methyl hydrogen peroxide, 1 mm of ethanol, pH 6.5, 0.01 m phosphate 
(Experiment 157a). The extinction coefficients and the number of hematins are 
based upon the data of Bonnichsen (8). pmax. = 0.95e. 








| | Concen- | 








| | 
; | ; 
Typeof catalase | ews | peivatins | ‘hematin | ‘Hot | By »: 
iron | 
: | | | = 

Po ta | | uM | séc. | sec.-1 sec. | waa 

Horse blood.......... 380 | 4 | 2.36 | 10.4 | 0.90 | 0.01 | 80 
© With i.-<.-. 30 | 3 | 2.40 | | 


10.2 | 0.90 | 0.02 | 88 








Table VIII shows that the activities of the intact hematins of liver and 
blood catalases are very nearly equal. 
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Further tests have been made of a number of highly purified low hema- 
tin catalases prepared by Bonnichsen (8). In these studies, independent 
methods of estimating the concentration and the number of intact hema- 
tins are somewhat involved, and therefore we have evaluated the product 
of Pmax. in recorder scale divisions (proportional to the concentration of 
complex I) and éorr for constant x» and ap (see Equation 12). This 
product is nearly constant in spite of the fact that the amounts of low hema- 
tin catalases (as measured by the optical density at 405 mu required to 
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Fic. 7. The constancy of k, with alcohol concentration and the relative peroxi- 
datic effect of the catalase ethyl hydrogen peroxide compound upon various al- 
cohols. For ethanol and methanol, ky = 2.1 X 10°; for n-propanol, ky = 33 m7! X 
sec.', 3.4 um of hematin iron horse liver catalase. The ethyl hydrogen peroxide 
concentrations, @ = 33, X = 7, 17, 67, O = 330, 670, 1300, A = 330, and V = 67 
uM; O = 674m and represents the methanol data. » = 400 my, pH 6.5, 0.01 m phos- 
phate buffer, temperature 25° (Experiment 88). 


give equal values of pmax.) were 2 or more times the amount of horse 
blood catalase. This indicates that the presence of bile pigment does not 
reduce the peroxidatic activity of the intact hematin groups. 

A variation of the number of hematins involved in peroxidatic activity 
by partial saturation of the enzyme with substrate or by conversion of 
some of the hematins to biliverdin causes no effect upon the reactivity of 
the remainder. 

Comparison of Effect of Various Alcohols—Fig. 7 shows a comparison of 
the effect of methyl, ethyl, and n-propyl alcohol upon kya for the ethyl 
hydrogen peroxide complex. The small scatter of the points from the 








1356 CATALASE PEROXIDES. KINETICS 


straight lines shows that the mechanism of Equations 3, 4, and 5 is valid 
for the various alcohols over the experimental range of concentrations. 
The data for ethanol also include several different values of ethyl hydro. 
gen peroxide concentration. The velocity constants are about twice as 
large as those for catalase hydrogen peroxide (4). However, their rela. 
tive activities are identical; ethyl and methyl alcohols have the same 
rates and the decrease from them to n-propyl alcohol is 59- and 64-fold 
respectively. 


TABLE IX 
Velocity Constants for Reactions of Primary Catalase-Methyl Hydrogen Peroxide 
Complex I with Methanol and n-Propanol (Calculated by Equation 12) 


3.6 um of hematin iron guinea pig liver catalase; k; = 0.012 sec.—!, pH 6.7, 0.01 y 
phosphate, A = 405 my (Experiment 125). 























Initial methyl] 2.9 | 2.9 | 29 | 29 | 29| 29 | 29] 29 
hydrogen | | 
peroxide, | | 
uM | | | 
Alcohol Methanol n-Propanol 
Concentra- 100 200 |400 800 1600 |4000 10,000 20,000 
tion (ao), | 
pM | 
Maximum 3.4 3.2 2.6 2.0 1.4 3.3 | 3.1 2.9 
concentra- 
tion of | 
complex I, 
I, uu 
ty ot, 8€C. A-Gr') ee ) ie | 48/2 - 1 67 4.4 
k,’, sec.—} 0.123) 0.19 | 0.0338 0.762 1.38 0.080) 0.140 0.227 
kao, sec. 0.111) 0.180) 0.316 | 0.750, 1.37; 0.068 0.128 0.215 
ky, wo" X 1110 900 (790 940 860 - ) 11 
sec." | | | 








The methyl hydrogen peroxide complex has a corresponding activity 
towards methanol and n-propanol, as the data of Table IX show. The 
value of the velocity constants is very nearly equal to those of the cata- 
lase-hydrogen peroxide complex in the presence of these alcohols. 

The catalase-peroxide complexes have been found to react in a similar 
fashion with formaldehyde and formate, and details of these reactions 
will be published later. 

Effect of Carbon Monoxide on Peroxidatic Activity—No extensive tests 
of cyanide inhibition have yet been made, but the spectroscopic data 
already given (6) permit the prediction that the cyanide effect will be 
normal competitive inhibition. The effect of carbon monoxide upon the 
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primary compounds is of especial interest, since an indication of the va- 
lence of the hematin iron is given. Table X shows that there is no forma- 
tion of ferrocatalase carbon monoxide and no inhibition of the activity. 
There is a slight acceleration of the reaction velocity. 

This acceleration of the reaction velocity is probably due to the forma- 
tion of formic acid by hydration of carbon monoxide. The formate pro- 


TABLE X 
Effect of Carbon Monoxide upon Reaction of Primary Catalase-Methyl Hydrogen 
Peroxide Complex and Ethanol 
2.36 um of horse blood catalase, 24 um of methyl hydrogen peroxide, 1 mm of ethanol; 
pH 6.5, 0.01 m phosphate, A = 405 my (Experiment 159a). 





Maximum concentration of complex I, wm............... 2:3 2.36 
SAN BUND is osc edie ce SPER Ye QUA 5 Wes <os 0 -~1000 
ST ia 4 oss 5 4s head a Ea OE eee eens 14.2 10.3 
Ss SERPS er en ere eee 0.80 0.98 
ST 1 0540S 64:5 45 unade pee TRE Deer R ents Las ETNA 0.74 0.92 
a a eee re oe ns ee ee 740 920 











TaBLE XI 

Effect of Carbon Monoxide upon Decomposition of Primary Catalase-Methyl Hydrogen 
Peroxide Complex 

2.36 um of hematin iron horse blood catalase, 4.4 um of methyl hydrogen peroxide; 
pH 6.5, 0.01 m phosphate, A = 405 my (Experiment 160). Solutions bubbled with 
CO for 5 minutes. 




















Maximum 
Conditions as ty off ky a 
complex I 
pM sec. sec! pM 
(a) NoCO 2.36 190 0.010 0 
(6) CO bubbled through methyl hydro- 2.10. 107 0.018 8 
gen peroxide solution only 
(c) CO bubbled through both catalase 2.2 15.2 0.131 120 
and methyl hydrogen peroxide 
solutions 





duced in this manner may react with catalase-methyl hydrogen peroxide 
complex (see above). The data of Table XI support and amplify this 
explanation. The value of k; is increased somewhat when carbon monox- 
ide is bubbled through the substrate only. This may be due to formic 
acid entrained in the carbon monoxide vapor, to formic acid formed from 
carbon monoxide, or to the formation of some formic acid upon mixing 
carbon monoxide with catalase in the capillary of the flow apparatus. In 
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any case, the dramatic increase of k; after bubbling carbon monoxide 
through catalase can only be due to the formation of much more acceptor 
than formed in the absence of catalase. When a value of ky = 1000 yr 
X sec. is used for the acceptor formed, its molar concentrations are 


listed as ad. These are believed to be the concentrations of formate pres. _ | 


ent in the solutions. In condition (c), the final concentration of formate jg 
about 12 per cent of the carbon monoxide concentration. 
Inhilition of Peroxidatic Activity by Formation of Secondary Compound— 


The spectroscopic cycles presented up to this point represent conditions in | 


which a negligible amount of compound II is formed. In order to increase 
the formation of compound II and to test the activity of mixtures of 
compounds I and II, a slightly different technique was used. The rapid 
flow apparatus was replaced by an open 1.33 cm. cuvette so that repeated 
additions of substrate to the same very dilute enzyme solution could be 
made. 

The general relations between the kinetics of compounds I and II are 
given by the recordings of Fig. 8, obtained at both 400 and 435 my bya 
repetition of the experiment. At a and a’, 100 um of ethanol were added. 
The momentary density change is due to stirring the solution. At } 
and b’ and ¢ and c’, 1.65 um additions of methyl hydrogen peroxide were 
made. 

At 400 my compound I is seen to form and to decompose in the presence 
of ethanol. At the end of the reaction, however, some of the enzyme 
has been converted into compound II and does not decompose. The 
formation of this amount of compound II is recorded at 435 my. The 
delay in the formation of compound II on the first addition of methyl 
hydrogen peroxide is clearly shown, as is the accumulation of compound 
II during the kinetics of compound I. 

The data of Table XII summarize a series of such experiments in which 
successive additions of methyl hydrogen peroxide were made, causing the 
concentration of compound II at the end of the cycles of compound I to 
increase from 17 to 82 per cent. The activity of that amount of com- 
pound I which formed during each successive cycle was evaluated by Equa- 


tion 12 and was found to be nearly constant, in spite of the presence of 


the various amounts of compound II. 

These data show that (1) the enzymatic activity is inhibited by the 
formation of compound II; (2) the contribution of compound II to the 
total activity is less than the experimental error; compound II is inactive; 
(3) the activity of the portion of the catalase not bound as compound II 
is not reduced by the presence of a large amount of compound II. 

Properties of Secondary Complexes—Table XIII shows data on the slow 
formation and decomposition of the secondary complexes in dilute catalase 
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solutions. These kinetics were measured in an open cuvette, as in the 
experiments recorded in Table XII. Here a wave-length of 485 my was 
used to record only the concentration of complex II. In the absence of 
ethanol, single additions of peroxide to such dilute catalase solutions gave 
saturation values of complex II. After a steady state period, these com- 
plexes decompose, releasing free catalase. If the velocity constants for the 
formation of the complexes are calculated according to the second order 
equation (which is not strictly justifiable, as previously shown), maximum 


36 SEC 








FREE CATALASE 
A 400mp 


COMPOUNDS I & II—> 


COMPOUND IL —» 


A*® 435 mp 


FREE CATALASE 
& 
COMPOUND I 


Fig. 8. Comparison of the kinetics of catalase methyl hydrogen peroxides I and 
II at 400 and 435 mu. These two separate experiments were carried out in an open 
cuvette 1.33 cm. in depth. 100 um of ethanol are added at a and a’ and 1.65 un of 
methyl hydrogen peroxide at b and b’ and atc andc’. The sharp spike indicates the 
moment of mixing. 0.35 um of hematin iron horse liver catalase (Experiment 142). 


values of the dissociation constants (ks/k7) are calculated. These maxi- 
mum values are of the same order of magnitude as the dissociation con- 
stants of the primary complexes, and the true values are probably about 
equal. This indicates that complex I can be nearly quantitatively con- 
verted into complex II in the absence of an acceptor, and under these 
conditions marked inhibition of catalase activity will be obtained. 

The formation of complex II was repeated and then ethanol was added. 
While the decomposition of the secondary complexes is accelerated, the 
reaction velocity of complex II with ethanol computed as ky is about 100,000 
times smaller than that of complex I; in fact, the accelerated decompo- 
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TaBLE XII 





KINETICS 











Concentration of 
methyl hydro- 
gen peroxide 
added, um 
Maximum con- 
centration of 
complex I, um 
Concentrati on of 
complex II at 
completion of 
cycle of com- 
pound I, um 
Concentration of 
complex I con- 
verted to com- 
plex II during 
cycle of com- 
plex I, uu 
Maximum % of 
enzyme concen- 
tration in form 
of complex I 
during cycle 
% enzyme con- 
centration in 
form of com- 
plex II after 
completion of 
cycle of com- 
plex I 
tt on for cycle of 
complex I, sec. 
ka, mM X sec. 


1.65 


0.20 


0.058 


0.058 


17 


44 





940 


1.65 | 


0.20 


0.088 


0.029 


27 


61 


680 





1.65 


0.18 


0.13 


0.039 


55 


39 


54 





850 


1.65 | 


0.17 


0.16 


0.029 


52 


48 


54 








900 


1.65 | 


0.15 


0.18 


0.024 


45 


57 





960 


1.65 | 


0.21 


0.034 


36 


59 


1200 


0.039 


30 


75 





139 
| 
|1200 





sition of complex II in the presence of ethanol is probably due to the rege. 
tion of ethanol with a small amount of complex I in equilibrium with 


Activity of Primary Catalase-Methyl Hydrogen Peroride Complex in Presence of 
Varying Amounts of Secondary Catalase-Methyl Hydrogen Peroxide Complez 

200 um of ethanol, 0.35 um of hematin iron horse liver catalase; pH 6.7, 0.01 y 
phosphate, \ = 400 my, 1.33 cm. cuvettes (Experiment 142a). 





0.078 


0.27 


0.015 


24 


92 


1200 





(9)). 





complex II, and complex II has negligible peroxidatic activity (see Chance 


Effect of pH upon Peroxidatic Activity of Catalase—The initial activity 
of catalase in the destruction of hydrogen peroxide is not decreased 
acid solutions up to pH 3.5 (10), and Table XIV shows that the perox 
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reac. TaBLe XIII 
with Kinetics of Formation and Disappearance of Secondary Alkyl-Hydrogen Peroxide 
Complexes in Dilute Catalase Solutions 
= 435 my, pH 7.0, 0.01 m phosphate buffer (Experiment 148). 
nce of ; alee 
plex Concentration of catalase hematin iron, um | 0.35 0.53 
0.01 Concentration of alkyl hydrogen peroxide | Methyl hydrogen| Ethyl hydrogen 
—_ added, uM peroxide, 1.65 peroxide, 15.6 
—_ Half time for formation of complex II, sec. | 1330 420 
1.65 Reaction velocity constant for formation | 320 110 
(kr) calculated as 2nd order reaction, u™ 
X sec.-} 
Half time for decomposition of complex II, | 1.8 x 10 3 X 10° 
0.073 sec. ; 
Reaction velocity constant for decomposi- | 5 X 10° 2.3 X 10~ 
tion (ks) calculated as lst order reaction, 
0.27 sec.-! 
Dissociation constant of complex II (ks/k7), | 0.12 * 10-* 2.0 X 10% 
M 
Half time for decomposition of complex II | 460 80 
in presence of ethanol, sec. 
0.015 Concentration of ethanol added, mu 400 170 
Reaction velocity constant for decomposi- | 3.8 x 107% 5.3 X 10° 
tion in presence of alcohol divided by al- 
cohol concentration, ky, wm! X sec.—! 
oA TaBLeE XIV 
Effect of pH upon Activity of Catalase Methyl Hydrogen Peroxide with Ethanol 
0.46 um of hematin iron horse blood catalase, 16 um of methyl hydrogen peroxide, 
2 mm of ethanol (Experiment 294b). 
Oe EER hgh iienacsceissdciaenouns 3.65 7.0 8.8 > 11 
rs higs Sonne ccnaxwecdcaukad 0.001 (Phos- | 0.001 (Phos- | 0.07 (Borate) (NaOH) 
phate) phate) 
Maximum concentration of 26 35 30 . 
complex I, p, = e = 40,A = 
405 my, recorder divisions 
ty ott, Sec. 26 17 27 ° 
92 ky', sec.~! 2.0 2.3 1.8 
Complex II, p;;=e = 30 divisions, 15 5 
1200 d= 435 my, recorder divisions 
*Enzyme-substrate compound does not form and optical density of the Soret 
> Chance band slowly decreases. 
activity datic activity is not decreased at pH 3.65 compared with that at pH 7.0. 
eased in In the latter experiments, the activity was determined from the kinetics 
e perox of complex I and was calculated according to Equation 12. 
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In addition, no appreciable change in the rate of formation (k,) or 
breakdown (k3) of the primary catalase-peroxide complexes was observed 
in these experiments. 

The lack of pH effect in the hydrogen peroxide reaction at pH greater 
than 3.8 (10) may be explained by Equation 16 


k 
Cat(OH), + HOOH —— Cat(OH),00H + H,0 (16) 
2 


with the same arguments as in the case of catalase cyanide (11). Down 
to pH 3.8, catalase is mainly in the form of the hydroxide compound, and 
hydrogen peroxide is mainly in the form of the undissociated molecule 
(K = 1.55 X 10~” (12)). On increasing the pH, the free catalase concen- 
tration decreases as rapidly as the peroxide ion concentration is increasing, 
and there is no effect of pH upon the dissociation constant between 3.8 
< pH < 11.8. Above pH 8.8, however, changes in catalase probably 
occur (see the paragraph below). The alkyl hydrogen peroxides are also 
weak acids (pK ~ 11 for methyl hydrogen peroxide®) and the combination 
of catalase and alkyl hydrogen peroxide is written 


k 
Cat(OH), + 4 HOOR or a Cat(OOR), + 4H.0 (17) 
2 


The experiments show, however, no measurable decrease of activity 
at pH 3.65, at which the hydroxyl group is dissociated from catalase. A 
similar effect has been observed in peroxidase when the hydroxy! group 
is dissociated without loss of activity (13). In acid solutions, the value of 
k, would be expected to increase greatly owing to the reaction of hydrogen 
ions with the peroxide complex. In the case of catalase, the pH cannot be 
decreased much below the pK of the hydroxyl group (3.8) without dena- 
turation of catalase protein. Thus only a relatively small increase of hy 
would be obtained and would not affect the properties of catalase as meas- 
ured in the activity test where kj >> ky, and Km = (ke + k3)/ki. In the 
case of horseradish peroxidase, the corresponding pK = 5.0, and more 
complete data have been obtained and are discussed later (14). 

In alkaline solutions, there is a decrease of activity at pH 8.8 and a 
complete loss of activity below pH 11. Below pH 11, the catalase-per- 
oxide complex does not form, and the enzyme is slowly destroyed. 
Catalase, as contrasted with peroxidase, has no alkaline form; yet the 
loss of activity of catalase and peroxidase in alkaline solutions is due 
to the same reason: neither can form a peroxide complex (14). In perox- 
idase, the change of spectrum indicates a change of a heme linkage. Al- 


* Unpublished data. 
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though catalase shows no measurable spectral shift, a change of heme 
linkage in alkaline solutions is possible. 

The records of Fig. 9 were obtained by the addition of methyl hydrogen 
peroxide to a catalase solution contained in an open cuvette, as in the case 
of Fig. 8. These data show that the conversion from complex I to inac- 
tive complex II proceeds 3 times as fast at pH 3.5 as at pH 7.0. Thus 
activity tests which do not take into account the increased formation of 
complex II in acid solutions give too low an activity. The more rapid 
inactivation of catalase in the presence of hydrogen peroxide in acid solu- 


A B 





72sec 72sec 
CATALASE METHYL 


HYDROGEN PEROXIDE 


A= 435 mp 


FREE CATALASE 


(0.06 pM ) 
METHYL 
HYDROGEN PEROXIDE (4M) 80 80 
pH 3S 7.0 


Fic. 9. The increase of the rate of formation of the secondary catalase-methyl 
hydrogen peroxide complex in acid solutions. Curve A, pH 3.5, 0.001 m phosphate; 
Curve B, pH 7.0, 0.01 m phosphate buffer. 0.24 um of hematin iron horse blood 
catalase, 80 um of methyl hydrogen peroxide, 435 mu (Experiment 258). The experi- 
mental technique is the same as that used in Fig. 8. 


tions caused by the more rapid formation of catalase hydrogen peroxide 
II has recently been observed (15). 


DISCUSSION 


Since dilute solutions of the alkyl hydrogen peroxides and their reaction 
products give very little absorption in the visible or ultraviolet region, and 
the polarographic technique used elsewhere (16) is apparently insensitive 
to the alkyl hydrogen peroxides, and the titration of 5 to 50 um of peroxide 
is not possible with ordinary methods, the rate of decomposition of the 
dilute alkyl hydrogen peroxides by catalase has been calculated from the 
kinetics of compound I in a manner previously proved valid for peroxidase 
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and leucomalachite green (5) and recently shown to be valid over a wide 
range for the system peroxidase-hydrogen peroxide-ascorbie acid (17), 
This method of calculation of the activity is valid for an enzyme-substrate 
compound that obeys the Michaelis theory. 

Spontaneous Decomposition of Complexes—Both of the primary catalase 
alkyl hydrogen peroxides decompose spontaneously, and the kinetics of 
these reactions are governed by the concentration of the primary com- 
pound in accord with the Michaelis theory. 

The spontaneous breakdown of the primary complexes is very slow and 
does not increase appreciably with the alkyl hydrogen peroxide concentra- 
tion. This is not, therefore, the catalatic reaction by which catalase de- 
stroys hydrogen peroxide so rapidly. The velocity constant is about 
the same as that for the slow breakdown of horseradish and lactoperoxidase 
peroxides (5, 18) or catalase hydrogen peroxide (4). 

Although spontaneous decomposition is a common property of the hem- 
atin peroxide compounds (methemoglobin, horseradish peroxidase, lacto- 
peroxidase, etc.), there is not much known about the exact mechanism of 
this reaction. Keilin and Hartree (19) have clearly shown that no oxygen 
is evolved in the spontaneous decomposition of strong solutions of methe- 
moglobin and hydrogen peroxide, or ethyl hydrogen peroxide; therefore a 
peroxidatic reaction is involved. The nature of the acceptor in such a 
reaction is unknown. 

Reactions of Catalase-Peroxide Complexes with Alcohol—The reactions 
of the primary catalase-alkyl hydrogen peroxide complexes with alcohols 
now provide the second example of true Michaelis intermediate com- 
pounds, for their concentration accurately determines the rate of alcohol 
oxidation by catalase. The catalase complexes actually provide a simpler 
example of a Michaelis intermediate than do the peroxidase complexes (5). 
In catalase kinetics, the reaction of the primary complexes with the ac- 
ceptor is usually the rate-determining step, while, in peroxidase kinetics, 
the reaction of the secondary complexes with the acceptor is usually the 
rate-determining step (17, 18). 

With ethyl and methyl alcohol as acceptors, the Michaelis theory com- 
pletely explains the activity of the primary catalase alkyl hydrogen perox- 
ides over a wider range of enzyme, substrate, and acceptor concentrations 
than had previously been possible with peroxidase, hydrogen peroxide, 
and ascorbic acid (5). New techniques (17) have considerably extended 
the range of the tests with peroxidase. 

Since the value of k, for the catalase alkyl hydrogen peroxides represents 
the reaction velocity of each of the three or four independent catalase- 
hematin peroxide complexes with alcohol, these values are directly com- 
parable with those obtained for the reaction of catalase hydrogen perox- 
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ide with alcohols, provided the mechanisms employed in these calculations 
have accounted for all experimental factors. The total turnover of alco- 
hol with catalase alkyl hydrogen peroxides is, of course, 3 or 4 times that 
obtained with catalase hydrogen peroxide, depending upon the number of 
intact hematins in the catalase used. 

The values of ky for the reactions of catalase hydrogen peroxide and 
catalase methyl hydrogen peroxide with alcohols are about the same, in 
accordance with studies of horseradish peroxidase. Thus the alkyl sub- 
stituent of the peroxide group does not interfere with the reaction with the 
acceptor. In fact, the values of k, obtained for catalase ethyl hydrogen 
peroxide are greater than those for the hydrogen peroxide complex. 

The saturation effects shown clearly in the kinetics of oxidation of alco- 
hols by catalase hydrogen peroxide (4) have not been demonstrated here, 
and it is not known whether such a saturation effect exists in these re- 
actions. 

There is no correlation between the ability of acceptors to replace the 
heme-linked hydroxyl group of catalase (10) and their reactivity with the 
catalase-peroxide complex. Catalase has a relatively high affinity for 
formate compared with methanol; yet these 2 molecules are oxidized at 
about the same speed by catalase peroxides. Furthermore, formate is the 
only one of nine anion inhibitors which is oxidized. Catalase acceptors 
need not be anions and need not replace the heme-linked hydroxyl group 
of Agner and Theorell (10). 

Reaction Products—According to the discussion above, the kinetics of 
the spontaneous decomposition of the catalase-alkyl hydrogen peroxide 
complexes according to Equation 4 is not a “catalatic” reaction of the 
type 


2C;H,OOH — 2C:H;OH + O: (18) 


Chemical data support this view, since no oxygen is evolved in this reac- 
tion (1, 3). Thus Equation 4 may follow this course 


C:H;OOH — CH;CHO + H:0 (19) 


Both Stern (1) and Keilin and Hartree (3) have obtained qualitative 
tests for aldehyde formation in the reaction of catalase, ethyl hydrogen 
peroxide, and ethanol according to Equation 3. Ethanol was probably 
present in Stern’s experiments (see Chance (9)). Since no oxygen is 
evolved, the ethyl hydrogen peroxide is probably reduced to ethanol, and 
the acetaldehyde is produced by oxidation of ethanol. The catalytic 
decomposition of diethyl peroxide gives acetaldehyde and probably alco- 
hol (20). 

Although it was not known at the time, the oxidation that Keilin and 
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Hartree (3) obtained with BaO, was due to catalase hydrogen peroxide 
and that with ethyl hydrogen peroxide was due to catalase ethyl hydrogen 
peroxide I. No evidence has been found to support Keilin’s statement 
that ethyl hydrogen peroxide (or indeed methyl hydrogen peroxide) 
decomposes into hydrogen peroxide; our solutions are stable for months, 
and any hydrogen peroxide formed would be immediately detected by the 
formation of catalase hydrogen peroxide (6). 

There are three unusual types of reactions that can occur in the oxida- 
tion of alcohols by the catalase-alkyl hydrogen peroxide complexes accord- 
ing to Equation 5. 

First, the reduction of the alkyl hydrogen peroxide molecule bound to 
catalase hematin probably gives an alcohol which replaces the alcohol 
molecule oxidized to aldehyde. In the following equation, 


k 
Cat(OOC.H;), + 4C:H,OH —— Cat(OH), + 4C:H;,OH + 4CH;CHO (20) 


the concentration of ethanol is constant at its initial value. Thus the 
value of ky, calculated on the basis of the initial ethanol concentration, 
will be correct even when the ethyl hydrogen peroxide concentration is 
about equal to the ethanol concentration, as shown in Fig. 4. A small 
initial amount of ethanol present in the ethyl hydrogen peroxide solu- 
tion could maintain a constant reaction velocity while all the ethyl hy- 
drogen peroxide is being decomposed (9). Thus this reaction is anal- 
ogous to the cyclic oxidations of Keilin and Hartree (3). 

Second, the alcohol formed from the alkyl hydrogen peroxide can be 
more reactive than the alcohol used as an acceptor; then the reaction 
velocity will increase during the reaction. In Fig. 7, the reaction velocity 
is relatively higher with a small initial concentration of n-propanol than 
with the higher concentrations. This effect is also seen in the values of 
k, given in Table IX. 

Third, the oxidation product of the acceptor can be an acceptor. In 
separate experiments (15), evidence has been obtained for the formation 
of formaldehyde from methanol and formic acid from formaldehyde, all 
of which react rapidly with catalase peroxides. In the reaction, 


Cat(OOCH;), + 4CH;OH Bhs Cat(OH), + 4CH;OH + 4CH,(OH), = (21) 


the total concentration of acceptor increases, and the reaction would be 
autocatalytic. But no effect is observed in Table II, because the initial 
methanol concentration is much larger than the methyl hydrogen perox- 
ide concentration. The initial methyl hydrogen peroxide concentration 
required to produce enough formaldehyde to double the rate found in 
Table II is so large that much of compound I would be converted to com- 
pound II before the reaction was complete. 
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Accessibility of Catalase Hematin—The reaction velocity of catalase with 
peroxides decreases 30-fold from hydrogen peroxide to methyl hydrogen 
peroxide and a further 50-fold from methyl to ethyl hydrogen peroxide, 
whereas no comparable decreases are observed in the reactions of horse- 
radish and lactoperoxidase with these peroxides (18,19). Although ethanol, 
methanol, formaldehyde, and formate react with catalase peroxides at 
about the same rate, larger molecules react much more slowly; the de- 
crease of reaction velocity with n-propanol is 60-fold.?’ These steric ef- 
fects are due to the catalase protein and not to the hemin, since horseradish 
and lactoperoxidase hematin reacts rapidly with large substrate and ac- 
ceptor molecules. Because of the sensitivity of hematin to hydrogen 
peroxide and the irreversibility of the catalase-splitting experiments, Gran- 
ick (21) has suggested that the whole hematin group is well hidden by the 
catalase protein. These data provide some experimental support for 
Granick’s views. 


SUMMARY® 


1. The primary compounds of catalase with methyl or ethyl hydrogen 
peroxide are formed by the bimolecular combination of all the catalase 
hematins with the alkyl hydrogen peroxides. The reaction velocity con- 
stants increase with decreasing size of the alkyl hydrogen peroxide, 2 
xX 10‘ m™ X sec. for catalase ethyl hydrogen peroxide I and 0.85 xX 
10° m-! X sec.—! for catalase methyl hydrogen peroxide I and are con- 
siderably less than the velocity of the formation of catalase hydrogen 
peroxide (3 X 107 m~ &X sec.-). 

2. The secondary compounds do not form until an appreciable amount of 
the primary compound has formed. They are not, however, formed in a 
simple monomolecular conversion from the primary to the secondary 
compounds; the velocity of the formation of the secondary compounds in- 
creases with the alkyl hydrogen peroxide concentration, but not enough 
to follow a second order equation. 

3. Both primary compounds decompose spontaneously into free catalase 
at about the same rate as horseradish peroxidase hydrogen peroxide or 
catalase hydrogen peroxide. The velocity constant for catalase methyl 
hydrogen peroxide I is 0.016 sec.— and for catalase ethyl hydrogen perox- 
ide 1 0.04 sec. Both these velocity constants can be measured in such 
dilute alkyl hydrogen peroxide that alcohol present in the alkyl hydrogen 
peroxide would make a negligible contribution to the reaction velocity. 


’ The decrease of reaction velocity is much greater than that due to the decreased 
number of collisions of the larger molecules with the catalase hematin, since the 
collision number varies inversely as the square root of the molecular weight. 


* The velocity constants given in this summary were obtained at temperatures 
between 25-30°. 
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4. The Michaelis theory accounts for the kinetics of the spontaneous 
decomposition of the primary compounds. On the basis of kinetic data, 
the Michaelis constant for catalase methyl hydrogen peroxide I is 2 x 
10-* m and 2 X 10-* o for catalase ethyl hydrogen peroxide I. Steady 
state equilibrium measurements give 1 X 10-7 and 3 X 10~* M respectively, 
The affinity of catalase for methyl hydrogen peroxide is about the same as 
that of horseradish peroxidase for hydrogen peroxide. 

5. The secondary compounds decompose very slowly in dilute alky| 
hydrogen peroxide solutions; the velocity constants are about 4 x 10~ 
sec.! and 2.3 X 10-‘ sec.— for the methyl hydrogen peroxide and ethy| 
hydrogen peroxide compounds respectively. On the basis of kinetic data, 
the equilibrium constants of the corresponding secondary compounds 
are 1.2 X 10-7 and 2.0 X 10-* M, values which are very nearly equal to 
those of the primary compounds. The secondary compounds can, there- 
fore, be inhibitors of the activity of the primary compounds. 

6. The primary compounds react peroxidatically towards alcohols, 
Catalase ethyl hydrogen peroxide I is responsible for the oxidation of 
ethanol to acetaldehyde qualitatively measured by Keilin and Hartree (3), 

7. Catalase ethyl hydrogen peroxide I reacts with methyl, ethyl, and 
n-propyl! alcohols at rates which are somewhat larger (2100, 2100, and 
33 M—! X sec.~! respectively) than the corresponding reactions of catalase 
hydrogen peroxide. The relative activities of the two enzyme-substrate 
compounds towards the three alcohols is the same. Catalase methyl 
hydrogen peroxide I reacts with ethanol, methanol, and n-propanol at 
approximately the same rates as does the hydrogen peroxide complex. 
The catalase-peroxide complexes also oxidize formaldehyde (probably as 
methylene glycol) and formate. The substituent attached to the perox- 
ide group has very little effect upon the activity or the specificity of cata- 
lase towards alcohols. 

8. The reaction kinetics of both primary compounds obey the extended 
Michaelis theory for the peroxidatic activities over a wide range of alkyl 
hydrogen peroxide and ethanol concentrations. These compounds fur- 
nish the second and third examples of enzyme-substrate compounds which 
have been studied directly and which have been proved to follow the 
Michaelis theory. 

9. The reaction velocity constants for the formation of the primary 
compounds and for their reactions with ethanol are unaffected by a change 
in the degree of saturation of the catalase-alkyl hydrogen peroxide com- 
plexes, and it is concluded that the intact catalase hematins have identical 
reactivities. The total peroxidatic activity of liver and blood catalases 
is proportional to the number of intact hematin groups per catalase mole 
cule. 
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10. The peroxidatic activity of catalase is not decreased on changing the 
pH from 7.0 to 3.65, and the combination of catalase and alkyl hydrogen 
peroxides follows the equation, 


Cat(OH). + 4HOOR --— Cat(OOR), + 4H:0 


in the range 3.8 < pH < 9. Below pH 11 catalase loses its ability to 
form the peroxide complexes and is therefore inactive. 

11. At pH 3.5, the velocity of formation of the secondary complexes is 
several times as rapid as at pH 7.0 and explains the greater inactivation 
of catalase in acid solutions. 

12. The peroxidatic activity of the secondary compounds is negligible 
in dilute solutions. The total peroxidatic activity of catalase is inhibited 
by the formation of compound II, but the activity of that portion of cata- 
lase in the form of compound I is constant. 

13. Both the formation of the catalase peroxides and their reactivities 
towards alcohols increase with decreasing size of the peroxide and the 
alcohol molecules. It is concluded that the alcohols attach to or near to 
the hematin peroxide group and that the iron atom of catalase hematin is 
not readily accessible to large molecules. 
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Note Added in Proof—The recent confirmation of the conversion of carbon mon- 
oxide to carbon dioxide in the intact animal (Clark, R. T., Stannard, J. N., and Fenn, 
W.0., Science, 109, 615 (1949)) leads us to suggest that the production of formate from 
carbon monoxide and its oxidation to carbon dioxide in the presence of catalase and 
peroxides provide a possible biochemical explanation for their results. 
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THE ENZYMATIC EQUILIBRIA OF 
PHOSPHO(ENOL)PYRUVATE* 


By OTTO MEYERHOF anv PETER OESPER 


(From the Depariment of Physiological Chemistry, School of Medicine, University 
of Pennsylvania, Philadelphia) 


(Received for publication, March 2, 1949) 


Phospho(enol)pyruvate, which was discovered by Lohmann and Meyer- 
hof in 1934 (1), forms enzymatic equilibria both with phosphoglyceric 
acid and with pyruvate and ATP.! 


p-8-Phosphoglyceric acid = b-2-phosphoglyceric acid (1) 
= phosphopyruvic acid + H,0 


Phosphopyruvic acid + ADP @ pyruvic acid + ATP (2) 


The reversibility of reaction (2) was discovered by Lardy and Ziegler (2), 
who showed that the failure of Meyerhof et al. (3) to demonstrate the back- 
reaction with P*? was due to the absence of K ion. In the meantime it had 
been found by Boyer et al. (4) that K ion is indispensable for the trans- 
phosphorylation of phosphopyruvate with ADP. 

We have confirmed the results of Lardy and Ziegler, and have deter- 
mined the equilibrium constant of reaction (2). Lardy’s mixture of tri- 
ose phosphate, ATP, cozymase, inorganic phosphate, and phosphopyruvate 
or pyruvate, in the presence of dialyzed acetone powder extract of muscle 
can be used only for a demonstration of the reversibility of reaction (2), 
with or without P*. It does not, however, allow one to calculate the equi- 
librium constant, as has been erroneously assumed by some authors. If 
phosphopyruvate is synthesized from pyruvate by the ATP which forms 
continuously in the ‘‘coupling reaction” of glycolysis, the amounts formed 
depend on the time of reaction and the affinities of the various reactants 
in a complicated way; in particular, the relation of phosphopyruvate to 
pyruvate cannot be used for a calculation of the equilibrium constant. 

A determination of the equilibrium constant is only possible when the 
isolated reaction (2) is studied. In preliminary experiments we have used 
pyruvate labeled with C'* and measured the speed with which non-radio- 
active phosphopyruvate takes up C™ in the presence of dialyzed acetone 


* This work was aided by grants from the Division of Research Grants and Fel- 
lowships of the National Institutes of Health, United States Public Health Service; 
the American Cancer Society, recommended by the Committee on Growth of the Na- 
tional Research Council; and the Rockefeller Foundation. 

‘ATP = adenosine triphosphate; ADP = adenosine diphosphate. 
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powder extract of muscle. This has been compared with the speed of the 
back-reaction with the same extract. With this method only the order of 
magnitude of K, but no final values, could be obtained. We therefor 
purified the specific transphosphorylase responsible for reaction (2) until 
the interfering enzymes were removed and measured the K directly by 
determining the concentration of all reactants in the state of equilibrium, 
This necessitates the determination of very small amounts of phospho. 
pyruvate and ADP in the presence of a large excess of pyruvate and ATP, 
Adequate methods to accomplish this are described below, and the final 
K values obtained are reported. It was also necessary to redetermine the 
equilibria of reaction (1) for an evaluation of the energy difference of the 
phosphate bonds in phosphoglycerate, phosphopyruvate, and ATP, and 
for comparison with the known data of the literature (5, 6). The value 
for the equilibrium of enolase 


H,0 + phosphopyruvate = 2-phosphoglyceric acid 


found by Warburg and Christian (7) with pure enolase was appreciably at 
variance with that described earlier (8-10). 

Our present value confirms those found formerly. The energy differ. 
ences for all the compounds in the reaction sequence (reactions (1) and 
(2) above) now seem clearly established. 


Materials and Methods 


ATP was prepared by the method of Kerr (11). After the first pre 
cipitation with barium acetate and alcohol, the material was thrice r- 
dissolved in HCl and reprecipitated with barium acetate alone (pH 4.5). 
The ATP was routinely analyzed by measuring the ratio of 7 minute P 
to total P and also with hexokinase (cf. Kielley and Meyerhof (12)), but 
it was found that the ADP content in ATP was best determined by allow- 
ing a large quantity of the ATP to react with an excess of phosphopyruvate 
in the presence of the transphosphorylating enzyme of reaction (2), pre 
pared according to Kubowitz and Ott (13). The decrease in phospho- 
pyruvate is equal to the ADP originally present. (Since the equilibrium 
lies far to the side of ATP and pyruvate, the reaction is complete.) The 
ATP preparations contained 2 to 10 per cent ADP (based on 7 minute P; 
the mole fraction of ADP is nearly twice as great). 

ADP was prepared from ATP by means of purified myosin from rt 
muscle. When the ATP had been completely split to ADP, the myosin 
was removed with trichloroacetic acid, and the ADP precipitated at pH? 
with barium acetate and 2 volumes of alcohol. The inorganic P was Ie 
moved by dissolving the ADP in HCl, precipitating the barium with 80- 
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dium sulfate, adding a quantity of magnesia mixture equivalent to the in- 
organic phosphate, and making the solution alkaline with ammonia. After 
removal of the precipitate, the ADP was recovered as the magnesium salt 
by adding more magnesia and 4 volumes of methyl alcohol. The mag- 
nesium salt was redissolved in dilute acid, barium acetate added, and the 
barium salt precipitated at pH 5.5 with 2 volumes of ethyl alcohol. In 
this way it is possible to prepare a barium salt of ADP nearly free of in- 
organic phosphate. The ADP was analyzed by measuring the ratio of 
7 minute P to total P, which was 0.502. ADP was also tested with hexo- 
kinase. 

The p-3-phosphoglycerate was an acid barium salt prepared from yeast 
maceration juice and recrystallized several times. It had an [a], of the 
free acid in N HCl equal to —13.2°. This rotation, which is 9 per cent lower 
than the highest rotation formerly found (—14.5°), is not due to partial 
racemization, because the sample was 100 per cent fermentable, but is 
probably due to a small admixture (3 per cent) of p-2-phosphoglyceric acid. 
We have assumed this in calculating our experiments. 

Phosphopyruvate was a synthetic preparation of the barium salt made 
according to Kiessling (14) about 10 years ago. Free pyruvate and in- 
organic phosphate were removed by the same procedure as that used for 
ADP. 9 gm. of the original phosphopyruvate yielded 5.8 gm. of the puri- 
fied salt, free of inorganic phosphate and pyruvate, and contained 5.0 per 
cent of organic P, of which 4.8 per cent was split by iodine (96 per cent 
pure). 

The phosphate was determined according to the routine method of our 
laboratory, based on Lohmann and Jendrassik’s modification (15) of the 
method of Fiske and Subbarow (16). 

Phosphopyruvate was determined by a modification of the method of 
Lohmann and Meyerhof (1). A slight excess of 0.1 N iodine was added to 
the sample, and enough 2 Nn NaOH added to remove the iodine color 
After 2 minutes, the solution was neutralized with HCl; the treatment with 
NaOH and HC! was repeated twice, and the iodine was finally reduced with 
bisulfite. The iodoform was centrifuged off. This procedure, involving 
only a short period of alkalinity, splits phosphopyruvate P quantitatively, 
without decomposing even a trace of ATP. Phosphopyruvate was also 
determined by the mercuric chloride method (see (1)), and the results were 
the same as those obtained by the iodine method. 

Sodium pyruvate was prepared by the method described by Lardy (17) 
and was recrystallized from aqueous alcohol.* 

Pyruvate was analyzed by Procedure B of Friedemann and Haugen 


*We thank Dr. J. M. Buchanan of this department for the sample of pyruvate 
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(18) with an Evelyn colorimeter; the readings were made in tubes contain. 
ing 10 cc. solution with about 20 7 of pyruvate. 

Radioactive pyruvate, labeled with C’* in the a and 8 positions, was pre. 
pared by the method of Anker (19).* 

The activities of the pyruvate and phosphopyruvate were determined 
as follows: The phosphopyruvate was precipitated as the barium salt at 


pH 8, with 2 volumes of alcohol. The barium salt was redissolved in acid, | 


non-radioactive pyruvate was added, and the barium salt reprecipitated 
and dried. Since pyruvate does not precipitate under these conditions, 
the two precipitations serve to give a product free of contamination by the 
radioactive pyruvate originally present in the incubation mixture. This 
point was established by pyruvate analyses at each step; only 0.3 to 0.5 per 
cent of the final phosphopyruvate samples consisted of the initially active 
pyruvate, although 1 to 2 per cent of inert free pyruvate was present. 

Both pyruvate and phosphopyruvate were converted into iodoform with 
iodine and alkali. This prevents contamination by carbon from any com- 
pounds (especially ATP) which do not form iodoform. The iodoform was 
burned to CO2 by the method of Van Slyke and Folch (20), and the C0, 
was collected in barium hydroxide to give barium carbonate, which was 
spread on plates for the radioactivity measurements. 

Acetone powder from muscle extract was prepared as previously de- 
scribed (21). It was rubbed up with water and dialyzed for 5 days to re- 
move coenzymes. This preparation was used for the radioactive exchange 


experiments and for some of the preliminary equilibrium studies with non- 


radioactive materials. However, it is unsatisfactory for equilibrium meas- 
urements because it contains an adenylic acid transphosphorylase, which 
catalyzes the reaction 


Adenylic acid + phosphopyruvate = ADP + pyruvate (3) 


The equilibrium studies, therefore, were carried out with the purified 
enzyme described by Kubowitz and Ott (13). We started with rabbit 
muscle and carried the purification through the sixth step. The excess 
salmine was removed by adsorption with Al(OH); (cf. Warburg and 
Christian (22)). The enzyme was preserved in half saturated ammonium 
sulfate, and the inorganic phosphate was removed by dialysis against } 
saturated ammonium sulfate. The resulting preparation is free of the 
adenylic acid enzyme, and practically free of enolase (we added fluoride to 
all our reaction mixtures, however), but it still contains some myokinase. 
Since the ratio of ATP to ADP at equilibrium is always at least 5:1, and 


* We thank Dr. Samuel Gurin of this department, and his collaborators, for the 
preparation of the radioactive pyruvate and the measurement of the activity of the 
samples. 
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frequently much higher, the presence of myokinase is not serious, since 
only small amounts of the ADP can be converted to adenylic acid. Our 
equilibrium constants are all given twice, once on the assumption that the 
myokinase reaction has not taken place at all, and again, on the assump- 
tion that the myokinase reaction has gone to completion. The difference 
between the two figures averages about 15 per cent. 


Results 


Equilibrium with Radioactive Pyruvate—When phosphopyruvate and py- 
ruvate are mixed in a molar ratio of about 2:1, and a relatively small 
amount of ATP added, along with a large excess of transphosphorylase 
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Fig. 1. Uptake of C' by phosphopyruvate from radioactive pyruvate + ATP. 
Temperature of incubation, 38°. The last point is obtained by incubating for 90 
minutes with a double amount of enzyme (8 ml. instead of 4 ml.). The equilibrium 
is defined as the equal distribution of C“ in the pyruvic group of free pyruvate and 
phosphopyruvate. The enzymatic mixture for each point consists of 11 mg. of 
radioactive pyruvic acid (neutralized), phosphopyruvate containing 19.4 mg. of 
pyruvic acid, and 6.81 mg. of organic P, 4 or 8 ml. of dialyzed acetone powder extract 
of rabbit muscle with 0.13 per cent NaHCOs, 0.03 m KCl, and 0.04 m NaF in a total 
volume of 22.6 ml. 





and the ions necessary for its activity, it may be assumed that reaction 
(2) will come to equilibrium almost instantaneously. Because the equi- 
librium lies far to the right side, the attainment of equilibrium involves a 
reaction of phosphopyruvate with the traces of ADP contained in the 
ATP. This amount of ADP is, however, too small to diminish the phos- 
phopyruvate in an analytically measurable way. If fluoride is present, 
along with magnesium and inorganic phosphate, the enolase will also be 
inhibited (1, 7) and the possibility of transformation of phosphopyruvate 
into 2-phosphoglycerate will be excluded. Indeed, in all the experiments 














1376 EQUILIBRIA OF PHOSPHO(ENOL)PYRUVATE 


of this type, the amount of phosphopyruvate remains completely ¢op. 
stant throughout the incubation. 

If, however, the pyruvate is labeled with C", a kinetic exchange takes 
place between pyruvate and phosphopyruvate, and the latter gradually 
becomes tagged with C'*. The curve of this uptake of radioactive carbon 
is shown in Fig. 1. Complete isotope equilibrium was not obtained even 
after 90 minutes, with double the usual amount of enzyme (at 38°), and the 
isotopic exchange was only 60 per cent complete in this time with the normal 
amount of enzyme. The method is sensitive enough, however, to enable 
one to calculate the speed of isotope exchange if only a few per cent of the 
equilibrium amount of exchange has occurred. 

At first glance it would appear that one could calculate the equilibrium 
constant of reaction (2) by determining the rate of isotope exchange and 
also the rate of reaction between phosphopyruvate and ADP. The isotope 
exchange would give the rate of phosphorylation of pyruvic acid (see (3)), 
and the equilibrium constant would be 

K« Kaephosphorylation 
K phosphorylation 
This would be true, however, only if the velocities of the forward and back 
reactions were proportional to the concentrations of the reactants. With 
most enzyme reactions this is not the case (see Biicher (23) and Meyerhof 
and Green (24)). It isnot the case here, either. ATP inhibits the reaction 


of phosphopyruvate with ADP, and the reaction between pyruvate and | 


ATP occurs to such a small extent that it is impossible to determine whether 
or not it is first order with respect to each of the reactants, or whether 
it is inhibited by any of the substances participating in the equilibrium. 

If the results were calculated on the assumption that the reaction veloci- 
ties are proportional to the concentrations of the reactants, K would be 
about 500. Because of the uncertainties in the calculation, we refrain 
from reproducing these experiments. 

Equilibrium with Non-Radioactive Pyruvate—Direct equilibrium determi 
nations were made by mixing varying amounts of ATP, ADP, phospho 
pyruvate, and pyruvate in the presence of the enzyme, with additions 
of KCl, Mgt*, NaF, and sodium bicarbonate buffer. When the system had 
come to equilibrium, as shown by the fact that the concentrations of the 
components did not change with time, the phosphopyruvate was deter- 
mined. Since all the initial quantities were known, and the decrease in 
phosphopyruvate was equal to that of the ADP, and to the increase of 
pyruvate and ATP, the final equilibrium concentrations of all participants 
could be calculated. Table I gives a typical protocol. 

The ADP content of the ATP was measured in the same way 
(see Table IT). 
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The transphosphorylase was routinely tested for activity and for enolase, 
myokinase, and adenylic acid transphosphorylase by incubating it with 
phosphopyruvate and other suitable substrates, as summarized in Table 
III. It will be seen from the final column that enolase and adenylic acid 
transphosphorylase are absent, but that the myokinase activity is con- 


TaBLe I 
Direct Equilibrium Determination 


10.0 um of ATP, 3.00 um of ADP, 2.50 um of phosphopyruvate, 52.2 um of pyruvate 
plus 0.1 ml. of 0.5 m KCI, 0.15 ml. of m NaF, 0.2 ml. of 1 per cent NaHCOs, 150 y of 
Mg*t incubated at 30° with 0.3 ml. of enzyme (diluted to 1:6). Total volume, 1.85 
ml. Reaction stopped with 1 ml. of 15 per cent trichloroacetic acid. 1 ml. samples 
for direct and iodine P. 





Final 








| | 
| 

Time | jet, | at, | er 
| ATP | ADP | Pyruvate | 

min. | uM | uM uM | uM | uM uM 

0 | 2.50 2.10 | | | | 
10 | 0.45 | 2.24 | 2.05 | 12.1 | 0.95 | 54.3 
20 | «(0.42 | 2.26 | 





TaB_e II 
Determination of ADP in ATP 
ATP containing 1230 y of 7 minute P, phosphopyruvate containing 78 y of iodine 
P, plus 0.1 ml. of 0.5 m KCl, 0.2 ml. of 1 per cent NaHCOs;, 0.15 ml. of m NaF, and 150 
7 of Mg** incubated at 30° with 0.3 ml. of enzyme (diluted to 1:6). Total volume, 
1.85 ml. Reaction stopped with 1 ml. of 15 per cent trichloroacetic acid. 1 ml. 
samples for direct and iodine P. 











Time | Total iodine P Total direct P Decrease in iodine P 
min. " v v v 
0 78 38 
10 48 41 | 30 
20 48 40 | 30 








The ATP therefore contains 30 y of ADP7 minute P and 1200 y of ATP 7 minute 
P (2.5 per cent ADP). 


siderable, even when the phosphopyruvate decrease due to the ADP in 
the ATP is subtracted. 

The results of twelve equilibrium experiments are summarized in Table 
IV. In Experiments 6, 7, 9, and 11, the equilibrium was approached from 
the side of ATP plus pyruvate, and phosphopyruvate was formed during 
the reaction; in the remaining experiments the starting materials contained 
more than the equilibrium amounts of ADP and phosphopyruvate, and 
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TaBLeE III 
Test of Transphosphorylase 


All samples contain 86 y of phosphopyruvate P, 0.14 ml. of 0.5 mw KCI, 0.16 ml, of 
1 per cent NaHCOs,, 150 y of Mg**, and 0.3 ml. of —— (undiluted) in 1.4 ml, 














Ade- | ATP E ADP | | Final 

Test | — +s phos | u NaF | Time phos = 

| *S phate phate | | ruvate| P 
| 7 | 7 ml, | min. . ia 

Activity (enzyme 1:100)............ | | 60 0.1 | 10 52 | 34 
Adenylic acid transphosphorylase..| 53 | 0.1 | 20 86 | 0 
OR oe SS a a | 20 8 | 0 
I b GUS ab, codon dasxe: | 27 | 60 0.1 | 20 | 44 | 4 
AED ecistctianeacevxis ese | | 120 | 0.1| 20 | 78 | 6 





TABLE IV 
Direct Equilibrium Determinations 
The quantities of all reactants are given in micromoles. Temperature, 30°, 
The first column of K values represents those actually determined; ‘the second 
column (Kmyokinase), the values corrected on the assumption that the myokinase 
equilibrium has been attained. Total volume | = 1 3 — 2. 0 ml. 








E Initial Final 

peri- |- | x [Kayo |MY%r| 
ment | Phos- | Pho he myo" | nase | ime 
No. | phopy- | ATP | ADP | Pytu- | phopy- ATP | ADP | Eyru kinase | ratio | 








ruvate vate 






































1 | 2.52 | 10.1) 3.10} 50.0, 0.39 | 12.2) 0.97| 52.1) 1680] 1920) 0.3 

2 | 2.52 | 10.0 3.10) 53.8) 0.71 | 11.8 1.29] 55.6) 800} 950) 0.2 | 10, 20 

3 | 2.52 | 10.0) 3.00) 54.3] 0.44 | 12.1) 0.92) 54.3] 1630) 1850] 0.25) 10, 20 
4 | 2.65 | 10.0| 2.93] 49.8, 0.50 | 12.2/ 0.78) 52.0) 1630| 1820] 0.2 | 10, 20 
5 | 2.52 | 19.8) 3.00] 43.9] 0.68 | 21.6, 1.16) 45.7| 1250, 1380| 1.0 | 15, 30 
6 | 0.20 | 19.7] 1.94) 81.0) 0.30 | 19.5) 2.13| 80.8) 1900} 2280} 1.8 | 20, 40 

7 | 0.00 | 21.8] 2.14 46.0) 0.165) 21.6) 2.31] 45.8] 2600) 3070} 4.0 | 20, 40 
g | 2.68 | 18.8) 2.71| 52.8) 0.68 | | 20.8) 0.71] 54.8| 2360] 2540| 14 | 15, 80 
9 | 0.00 21.3) 2.39) 75.1 0.26 | 21.0, 2.65) 74.8] 2280] 2800) 30 | 20, 40 
10 | 2.61 | 10.3) 2.87 50.0| 0.52 | 12.4) 0.77| 52.1] 1610} 1800] 10 | 15, 30 
11 | 0.02 | 21.8) 3.96] 70.5] 0.25 | 21.6, 4.19 70.3] 1450] 1910) 24 | 20, 30, # 
12 | 3.03 | 19.8, 6.50) 67.0, 0.12 | 22.6, 3.65, 69.8) 2400, 3060] 5 | 5, 10,18 
Average (without Experiment 2).................. 1800} 2115] 








+425 +530] 





phosphopyruvate disappeared. Essentially the same equilibrium constant 
was obtained no matter from which direction the equilibrium was ap 
proached. 

In order to evaluate the experiments exactly, it is important to know the 
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“myokinase ratio,” t.e., the ratio of the myokinase actually present in the 
enzyme to that which would be required to form the equilibrium quantity 

' of adenylic acid (from the ADP) in the incubation period, if the initial 
rate of formation were maintained throughout the incubation. When 
this ratio is less than 1, the myokinase equilibrium is obviously not attained. 
This is the case for Experiments 1 to 5 of Table IV; in the other experi- 
ments the myokinase equilibrium probably is attained. However, since 

’ the difference between the K values calculated with and without the 
myokinase correction is within the limits of accuracy of the determination, 
we have not distinguished between the two sets of experiments. The 
average of all experiments,‘ from the mean of Koairece and Kmyokinase, 18 
1960 + 475. 

) Enolase Equilibria—In regard to the enolase equilibria of reaction (1), 
three different equilibria must be considered. If we call the true equilib- 
rium of enolase K;, then 


[Phosphopyruvate] X [H,0] 
' [p-2-Phosphoglyceric acid] 





(4) 


(see (7)). The equilibrium of phosphoglyceric mutase would be 


[p-3-Phosphoglyceric acid] 


Ku = 
ws [p-2-Phosphoglyceric acid] 





(5) 


and the complete equilibrium 


| 


[Phosphopyruvate] X [H.0] 
[p-3-Phosphoglyceric] + [p-2-phosphoglyceric] 





Kin = 


(6) 


K, can be calculated from Ky and Ky, both of which can easily be 
determined with dialyzed extracts of muscle. 


Ky = Ku x Kn + Ku (7) 





Ky was determined by Lohmann and Meyerhof (1), starting with p-3- 
phosphoglyceric acid. Ky; at 20° was 0.39, at 40°, 0.54. Ky at 24° 
is found by interpolation to be 0.42. In order to make sure that this is a 
thermodynamic equilibrium we repeated the measurement at 24°, in some 
experiments the pure water being replaced with a mixture of water plus 
alcohol. Because cg,o was now smaller, the percentage of phosphopy- 
Tuvate should have been increased. This was actually the case. In the 
—— last two columns of Table V, Ky: is first calculated as the fraction, phos- 


re A aL — Se 


o © 
= & 


Ls 


stant ‘The preliminary value (K ~ 300) used in the paper presented to the Federation 
s ap- | Mmeetingin March, 1948 (see (25)), was based on experiments with C and some direct 

equilibrium measurements with dialyzed muscle extract. These measurements were 
ww the vitiated by the presence of the adenylic acid transphosphorylase. 
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phopyruvate to phosphoglyceric acid, assuming the activity of water = |, 
and then calculated with the actual activity of water (K 111). 

The measurements of the enolase equilibrium were carried out with an 
enzyme made by homogenizing frog muscle with 13 volumes of water, 
The extract was allowed to stand for 2 hours at 20° to “inactivate” the 
coenzyme system and dialyzed for 3 hours before adding it to the substrate, 
which consisted of 3-phosphoglycerate in a sodium bicarbonate buffer, 
Potassium and magnesium ions were also present in the reaction mixture, 


TABLE V 
Réle of Water in Equilibrium of Enolase 


All contain 150 y of Mg*t*, 0.1 ml. of 8 per cent NaHCQs,, 1 ml. of enzyme, 0.66 
ml. of m KCl in a total volume of 2.1 ml. Temperature, 24°. Reaction stopped with 
1 ml. of 10 per cent trichloroacetic acid. 1 ml. samples for iodine and direct P, 






































| | Q| 
Initial Z| 
} x2 
: ae | | gle | eh 
> fs ‘2 Pa oe i ws 2 S 23 
. . 2 e 
ag | She | Tm | ¢ | 2 Si3|a2| 2) # 
c 5 g bo > 3 6 ¢ 66 
- -) 2 ) = & cv) 20, A 
S FI ‘2 % g te. 
z z = = a e| 3 - 
Flaiatiaiele |. ae 
min ¥ ” Om 7 v - ad 
1 0 246 7 7 0 246 | 
20 246 7 17 10 70 166 | 0.42 | 0.42 
la | 18%* 7 + 20) 246 7 20 13 75 158 | 0.46 | 0.4 
meth- 
anol | 
0 A ae 0 | 240 | 
2 20 240 7 14 7 60 167 | 0.40 | 0.40 
2a | 30 %* 7 + 20) 240 7 13 6 71 163 | 0.44 | 0.39 
ethanol | | | 











* By volume. 


After the reaction had come to equilibrium, the enzyme was precipi 
tated with trichloroacetic acid and the mixture analyzed for phospho 
pyruvate; the phosphoglycerate remaining was calculated as the difier 
ence between the initial phosphoglycerate and the phosphopyruvate and 
inorganic phosphate formed. When equilibria were determined in the 
presence of organic solvents, the latter were added only after the reactio 
had been running for 7 minutes; this prevents the solvents from so damag: 
ing the enzyme that equilibrium cannot be attained. ‘The results of these 
experiments are summarized in Table V. It will be ebserved that the 
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Kin values in the last column, where the activity of water is taken into 
account, are actually constant within the experimental error, although 
the ratio of phosphopyruvate to phosphoglycerate increases when water 
is replaced with an organic solvent. The activity of water is calculated 
from its partial vapor pressure. 

For measuring Ky, various procedures were used formerly, all based on 
the measurement of optical rotation. Because [a],, for p-3-phosphoglyceric 
acid is —14.5°, and for p-2-phosphoglyceric acid +24.3° (in n HCl), the 
percentage of the latter can be calculated in a mixture of both acids, if the 
total concentration is known as well as the rotation. If [a’] is the specific 
rotation of the mixture with the sign actually found, then in the mixture 


p-2-Phosphoglyceric acid in % = erie X< 100 (8) 

The second possibility consists in measuring the same rotation in the 
presence of molybdate; [a], for p-3-phosphoglyceric acid is —725°, and 
[a], for p-2-phosphoglyceric acid —68° (see (10)). The procedure for 
calculating the percentage of p-2-phosphoglyceric acid is similar to that 
in the absence of molybdate. The advantages of the second procedure, 
namely that the specific rotation of p-3-phosphoglyceric acid is 50 times 
increased by molybdate and that it is about 10 times as high as that of 
p-2-phosphoglyceric acid, are partly counterbalanced by secondary in- 
fluences. High salt concentrations diminish the rotation strongly (1 mole 
of NaCl about 20 per cent), and different samples of molybdate give slight 
differences. On the other hand the accuracy of the measurement of 
direct rotation in the absence of molybdate is greater because of the oppo- 
site sign for each of the isomers. We therefore preferred to use both pro- 
cedures, but laid more stress on the results without molybdate. 

The concentration of p-3-phosphoglyceric acid can be made so high that 
the direct reading in a polarimetric 2 dm. tube amounts to —0.35° at the 
start (2.3 mg. of phosphoglyceric acid P per ml.). By the amount of 
phosphopyruvic acid formed it can be ascertained that the equilibrium 
distribution is attained. This is the case in the experiments reproduced 
in Table VI, if allowance is made for the secondary split of some phospho- 
pyruvate by the concentrated dialyzed muscle extract. The extract can- 
not be dialyzed longer than 15 hours without loss of its high activity, and 
traces of ATP and cozymase may be left. The influence of the latter can 
be checked by iodoacetate, but dephosphorylation by traces of the adenylic 
system cannot be completely avoided. Some experiments in the presence 
of fluoride, in which the formation of phosphopyruvate is only partly 
delayed and not inhibited because of low phosphate concentration (see 
(7)), give the same result. By equation (8), at 24° Ky; equals 6. If this 
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value is used for equation (7), K; becomes 2.9. This is not very different | 
from the K; = 2.3 found by Akano (9) with a crude enolase preparation 
containing only traces of phosphoglyceric mutase. However, it is much ' 
larger than the value of Warburg and Christian (7) with completely pure ‘ 
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This means that there can be not more than 20 per cent 2-phosphoglyceric 
acid and that Ky; is at least 4. On the other hand the value of Ky, meas- 
ured by Meyerhof and Schulz (10) exclusively with molybdate, of 9 at 
25° is probably too high. 

The difference from the values found by Warburg and Christian may be 
due to secondary influences on the equilibrium by ions or other concomitant 
substances. With reactions of very small energy, such factors may play 
a role in the position of the equilibrium. 


DISCUSSION 


The equilibrium constant of 2 X 10* at 30°, equal to 1.65 X 10° at 
20°, for the transphosphorylation reaction (2) means that at 20° the 
difference of the standard free energy of the energy-rich phosphate bonds 
in phosphopyruvate and ATP amounts to 


AF° = —RT log 1650 = —4300 calories 


Although such a large difference had not been expected by us, it agrees 
excellently with the two independent calculations for the energy-rich 
phosphate bond in phosphopyruvate: Lipmann (5) —15,850 calories (re- 
calculated for 20°), and Meyerhof (6) for ATP —12,000 calories. (More- 
over, the latter value should be corrected because of the potential of 
DPN:DPNH, to —11,500 calories.) This difference of 4300 calories, 
which was for some time doubtful because of the uncertainties of the calcu- 
lations, is now experimentally proved. Incidentally, it is about equal to 
the difference between the energy-rich bonds in 1,3-diphosphoglyceric 
acid and ATP in which, according to Biicher (23), K = 3000 and 
AF° = —4600 calories. ‘The phosphate bonds of enol phosphate and 
acyl phosphate have therefore practically the same content of free energy. 
This can well be understood, because both these bonds are formed in 
intermediates of carbohydrate metabolism and can therefore only be 
present in minute concentration in the living cell. But nevertheless they 
must be able to transphosphorylate readily with the adenylic system, 
which is present in very much higher concentration. 

The measurements of the equilibria of enolase and phosphoglyceric 
mutase, which confirm our older values, prove that at 20° the energy 
contents of phosphoglyceric acid (reactions (2) + (3)) and phospho- 
pyruvic acid are practically identical. With the Ky, of isomerization of 
phosphoglyceric acid = 6, the energy difference AF° becomes —1050 
calories between the two isomeric acids. This is in accordance with the 
general rule that the secondary phosphate ester bond has a considerably 


* With the van’t Hoff isochore and with the molar heat of reaction —3500 calories 
26). 
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higher energy content than the primary bond. As Lipmann has show 
(5) the bond energy of the enol phosphate is equal to the difference of the 
free energy between pyruvate plus water and glyceric acid minus the energy 
of the ordinary phosphate bond in 3-phosphoglyceric acid. The free 


energy of the latter bond, which we have determined by equilibriyn | 


measurements with p-glyceric acid,® was in our experiments roughly —309 
calories. 


We thank Mrs. Jean R. Wilson for assistance in some of the foregoing 
experiments. 


SUMMARY 


The equilibrium of transphosphorylase between ATP and pyruvate is 
determined partly with the use of pyruvate containing C' and partly 
with non-radioactive pyruvate. While the C'* experiments gave only 
qualitative results, a series of measurements with the use of purified 
transphosphorylase and non-radioactive reactants gave an average value 
of the equilibrium constant of 1950, which corresponds to a AF® of —440) 
calories (30°). 

A redetermination of the equilibria of enolase and phosphoglyeeric 
mutase confirmed the former values. That the enolase equilibrium iss 
true thermodynamic equilibrium was proved by reducing the content of 
water with an alcohol-water mixture. The phosphopyruvate concentra 
tion in the equilibrium rises accordingly. 


For the equilibrium of phosphoglyceric mutase, (p-3-phosphoglyceric | 
acid)/(D-2-phosphoglyceric acid), K = 6 was obtained, corresponding to | 


a AF® of —1050 calories. 
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THE SYNTHESIS OF GLUTAMINE IN PIGEON LIVER 
DISPERSIONS* 


By JOHN F. SPECK 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, October 6, 1948) 


The enzymatic synthesis of glutamine was studied in the hope that the 
information obtained might aid in understanding the formation of peptide 
bonds in biological systems. The structural and energetic similarity of 
simple amide and true peptide linkages suggested that the mechanisms for 
their synthesis might also be similar. In addition, glutamine itself is a 
substance of wide natural distribution and is probably of great importance 
in the nitrogen metabolism of plants and animals (2). 

Krebs (3) found that glutamine was formed from glutamate and ammo- 
nia by slices of kidney, brain, and retina of various vertebrate species. 
Synthesis of the amide was generally dependent on the respiration of the 
tissue, which presumably served to supply the necessary energy. How- 
ever, in retina, which possesses a very active glycolytic system, glutamine 
was produced anaerobically provided glucose was present. Later Orstrém, 
Orstrém, Krebs, and Eggleston (4) reported the formation of glutamine 
from pyruvate and ammonia by pigeon liver slices. 

The present paper describes experiments on glutamine synthesis in pi- 
geon liver dispersions, and the following paper (5) gives the results obtained 
with tissue extracts, which lead to a clearer picture of the mechanism of 
formation of this amide. 


Methods 


Matertals—Commercial preparations of sodium L-glutamate, sodium suc- 
cinate, fumaric acid, Lt-malic acid, adenine sulfate, adenosine, and adeno- 
sine-3-phosphoric acid were employed, the first four being recrystallized 
before use. Sodium pyruvate was prepared according to Lipmann (6), 
oxalacetic acid according to Krampitz and Werkman (7), a-ketoglutaric 
acid according to Neuberg and Ringer (8), cis-aconitic anhydride accord- 
ing to Malachowski et al. (9), and dl-isocitric acid according to Pucher and 
Vickery (10). 1-Glutamine was obtained from beets by the method of 
Vickery et al. (11). Diphosphopyridine nucleotide was isolated from yeast 


*This work was aided by grants from the American Cancer Society, upon recom- 
mendation of the Committee on Growth of the National Research Council, and from 
The National Foundation for Infantile Paralysis. A note describing part of this 
work has appeared previously (1). 
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by the procedure of Williamson and Green (12), further purified by phos. 
photungstic acid precipitation, and assayed manometrically by hydrosulfite 
reduction (13). Cytochrome c was prepared from horse heart according 
to Keilin and Hartree (14), dialyzed against water, and preserved by ly. 
ophilization; it was assayed spectrophotometrically. Adenosine triphos. 
phate was isolated from the muscle of magnesium-anesthetized rabbits ag 
described by LePage (15). Part was converted to adenosine-5-phosphorie 
acid by the method of Kerr (16). Acidic substances were neutralized with 
NaOH when solutions were prepared. 

Preparation of Dispersions—Livers from freshly killed pigeons were sus- 
pended in ice-cold isotonic medium, dispersed for 1 minute in a small 
Waring blendor, and filtered through gauze. Generally 12 parts of a solu- 
tion containing 0.044 m phosphate buffer of pH 7.4 (prepared from diso- 
dium phosphate) and 0.067 m KCl were used. 1.0 ml. of such a dispersion 
in a reaction mixture of 2.0 ml. final volume provided 77 mg. of fresh liver, 
phosphate in a final concentration of 0.02 m, and KCl in a final concentration 
of 0.03 m. When necessary for the purpose of an experiment, the composi- 
tion of the medium and the proportions of medium to liver were varied. 

Preparation of Samples—The reaction mixtures were measured into War- 
burg vessels, with glutamate and ammonia solutions in the side arm and 
alkali papers in the center well, and oxygen uptake was measured after 
temperature equilibration and tipping. At the end of the reaction period, 
an equal volume of 10 per cent trichloroacetic acid was added to the sam- 
ples in the vessels, and analyses were performed on the filtrates. Initial 
samples identical in all essential respects with the incubated samples were 
prepared and deproteinized at the time when the substrates were tipped in. 
The analytical values given are the differences between the initial and final 
figures. 

For analysis of the samples, an aliquot of the trichloroacetic acid filtrate 
was transferred to the distilling apparatus described below and neutralized 
to brom cresol purple with NaOH, and the ammonia was distilled off. 
The residue in the distilling tube was transferred to a 10 ml. volumetric 
flask, neutralized with H.SO,, and diluted to the mark. Aliquots were 
analyzed for glutamine by acid hydrolysis or for e-amino acid nitrogen 
with ninhydrin. 

Colorimetric Determination of Ammonia—A blank, standards containing 
0.5 to 1.5 um of ammonia as ammonium sulfate, and unknown samples in 
the same range were made to a volume of 10.0 ml. 0.5 ml. of Nessler’s re- 
agent, prepared according to Vanselow (17), was added, and the colors were 
read in an Evelyn photoelectric colorimeter, in 18 X 150 mm. tubes, with 
Filter 420. A plot of Z values (2 — log of per cent transmission) against 


the ammonia content of the standards gave a straight line passing through | 
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the origin. In replicate estimations the precision was +1 to 2 per cent. 
The presence of more than 0.2 m.eq. of acid in the samples resulted in a 
diminution of the color intensity. 

Distillation of Ammonia—Ammonia was separated from samples by a 
vacuum distillation procedure based on the method of Archibald (18). 
The modified apparatus used is shown in Fig. 1. The distilling tube A, 
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Fie. 1. Ammonia distillation apparatus. A, distilling tube made from a 50 ml. 
centrifuge tube. B, cup and stop-cock for admitting alkali. C, capillary of marine 
barometer tubing with trap of 5 n H,SO, on glass wool to wash incoming air; D, 


distillation trap; E, receiver head, with side arm for attachment to water aspirator; 
F, 10 ml. volumetric flask. 


alkali cup B, and capillary C are identical with those of Archibald’s appa- — 
ratus. The ammonia passes out of the distilling tube through a small 
trap D, which is connected by means of pressure tubing, with glass parts 
touching, to a receiver head E. A 10 ml. volumetric flask F is fastened in 
the outer tube of the receiver head with a rubber stopper. The inner 
tube, which is connected to the trap, passes through the neck of the volu- 
metric flask and dips into the receiving acid. The side arm on the outer 
tube of the receiver head is attached to a water aspirator. 

The sample, nearly neutral and in a volume not greater than 15 ml., is 
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placed in the distilling tube along with a drop of dibutyl phthalate to pre. 
vent foaming. 2 ml. of 0.05 n H.SO, are measured into the volumetric 
flask, and the parts of the apparatus are connected. After application of 
the vacuum, 2 ml. of borate buffer of pH 10.5 (19) are admitted from the 
alkali cup, and the distilling tube is lowered into a water bath at 50° 
When distillation has proceeded for 8 minutes, the tip of the inner tube of 
the receiver head is lifted from the acid, and the vacuum is released. The 
connections are separated, and the tip and bore of the receiver head are 
rinsed into the volumetric flask. After dilution to the mark, the whole 
distillate or an aliquot is analyzed for ammonia. The apparatus is steamed 
out by running two blank distillations before a series of determinations js 
begun. 

0.1 um to at least 50 um of ammonia can be quantitatively distilled in this 
manner. The precision of distilled standards is equal to that of undistilled 
standards. When correction is made for a small distillation blank, the 
standard curve for distilled samples is the same as that for undistilled 
standards. Glutamine present during the distillation yields only about 05 
per cent of its amide nitrogen as ammonia. 

Hydrolysis of Glutamine—The samples containing glutamine were made 
1 N in H2SO, by adding 0.25 volume of 5 N acid and were heated 11 minutes 
in a boiling water bath. After cooling, a volume of 5 n NaOH equal to 
0.05 ml. less than the volume of H.SO, used was added, and the samples 


were transferred to the distilling tube. The ammonia was distilled in the | 


usual manner, the borate buffer used in the distillation being adequate to 
neutralize the excess acid. The amide nitrogen of glutamine was quantita 
tively released as ammonia by this procedure. By ninhydrin determina- 
tions it was found that after acid hydrolysis glutamine yielded only about 
0.2 mole of a-amino acid nitrogen. Therefore, most of the glutamine is 
converted to pyrrolidonecarboxylic acid by the acid hydrolysis, just as by 
heating in neutral solution (20). 

Determination of a-Amino Acid Nitrogen with Ninhydrin—a-Amino acid 
nitrogen was determined as ammonia by a method essentially identical 
with that described by Sobel et al. (21). 1 ml. of sample, 0.2 ml. of 1m 
citrate of pH 2.5, and 50 mg. of ninhydrin were mixed in an 18 X 150 mm. 
test-tube and heated 10 minutes in a boiling water bath. Without cooling 
the tubes, 3 drops of 30 per cent hydrogen peroxide were added, and the 
heating was continued for 3 minutes. The sample was then cooled, trans 
ferred to the distilling tube, and distilled in the usual manner except that 
3 ml. of borate buffer were added. The use of stronger alkali and longer 
distillation times did not alter the amount of ammonia formed. Alanine 
and glutamic acid yielded 0.96 to 0.97 mole of ammonia by this method. 
Glutamine also formed 1 mole of ammonia. This result would be expected 
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from the observations of Hamilton (22), who found that at pH 2.5 glu- 
tamine undergoes oxidative decarboxylation with ninhydrin much more 
rapidly than conversion to ammonium pyrrolidonecarboxylate. The am- 
monia released from glutamine by ninhydrin is therefore derived almost 
entirely from the a-amino group and only in small part from the amide 
group. 


Results 


Standard Reaction System—Experiments in which the conditions of re- 
action were varied, described in more detail below, led to the selection of the 
following system as most suitable for studying glutamine synthesis in fresh 
pigeon liver dispersions: 0.05 m phosphate of pH 7.4, 0.03 m KCl, 0.006 m 
MgSO,, 0.0001 m diphosphopyridine nucleotide, 6 X 10~-* m cytochrome c, 
0.01 m sodium citrate, 0.02 m NH,Cl, 0.05 m sodium 1-glutamate, gas phase 
oxygen, temperature 38°. In such a system, with 77 mg. of fresh weight 
of pigeon liver in 2.0 ml. final volume and a reaction period of 60 minutes, 
the following reaction rates were observed (arithmetic mean and range of 
sixteen experiments): oxygen used, 17.6 um (13.0 to 22.6); ammonia used, 
29.7 um (19.2 to 43.6); amide formed, 16.2 um (9.2 to 26.4). If the dry 
weight of liver is assumed to be one-fifth of the fresh weight, the observed 
rate of glutamine synthesis corresponds to a value for Qamiae Of 24. The 
excess of ammonia used over amide formed is found to be present as a-amino 
acid nitrogen, as is shown later. The initial ammonia content of the dis- 
persions is zero, and the initial amide content is about 1.4 um for 77 mg. 
of liver. 

Under the conditions of the standard reaction system, oxygen uptake, 
ammonia utilization, and amide formation proceed at constant rates for 
periods up to 90 minutes (Fig. 2) and are nearly proportional to the weight 
of liver present (Fig. 3). 

The rate of hydrolysis of glutamine by the liver dispersions was studied 
in a test system containing 0.05 m phosphate of pH 7.4, 0.03 m KCl, 0.006 
mM MgSO,, 0.01 m t-glutamine, and 100 mg. of fresh weight of liver, in a 
volume of 2.0 ml.; the gas phase was nitrogen and the temperature 38°. 
Under these conditions glutamine is split at a rate of about 3 um per 100 
mg. of liver per hour. The hydrolysis is almost completely stopped by 
0.05 mM t-glutamate, an effect previously described by Krebs (3) and 
Waelsch and Owades (23), and is strongly inhibited by 0.02 m NH,CL. 
Therefore it seems probable that glutamine hydrolysis occurs only at a neg- 
ligible rate in the standard system for glutamine synthesis. 

The various components of the reaction system are considered in more 
detail in the following sections of the paper. 

Glutamate—Little glutamine is formed if glutamate is omitted from the 
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reaction mixture. When the level of added glutamate is varied, a maxi- 
mum rate of amide synthesis is reached at a concentration of 0.05 m (Fig. 
4). The change in ammonia utilization approximately parallels the change 


in amide formation at different glutamate concentrations. Other sub. 
stances, particularly members of the tricarboxylic acid cycle, were tested 
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Fig. 2. Time curve of glutamine synthesis. The conditions were those of the 
standard test system, with 77 mg. of liver in 2.0 ml. final volume. 


for their ability to replace glutamate in this system. Their relative effec- 
tiveness in forming glutamine corresponds to the expected ease of conver 
sion to glutamate by way of a-ketoglutarate (Table I). Glutamate is 
clearly superior to any other substance rested and is undoubtedly the d- 
rect precursor of glutamine. The observation of Orstrém et al. (4) that 
in pigeon liver slices glutamine is formed more rapidly from pyruvate than 
from glutamate can probably be explained by the relative impermeability 
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of the slices to the highly polar glutamate molecule. In the case of most 
of the nitrogen-free compounds, extra ammonia is used and a-amino acid 
nitrogen is formed; the sum of amide and a-amino acid nitrogen formed is 
nearly equivalent to the ammonia which disappears. It is interesting that 
citrate causes more rapid production of amino acids than the other sub- 
stances tested. ‘The amino acids have not been identified but presumably 
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Fic. 3. Glutamine synthesis by varying quantities of liver. The conditions were 
those of the standard system with the indicated fresh weights of liver in a final vol- 
ume of 2.0 ml., and a reaction period of 60 minutes. 


consist of alanine and aspartic and glutamic acids, formed by reductive 
amination and transamination. 

Ammonia—Variation of the ammonium chloride concentration from 0.01 
to 0.03 m does not affect the rate of glutamine synthesis provided not all 
the ammonia is used. Small amounts of ammonia disappear completely. 
At intermediate levels the total ammonia uptake may decrease, while 
amide formation remains unchanged. This indicates preferential utiliza- 
tion of ammonia for formation of amide with glutamate rather than for 
formation of a-amino acid nitrogen with citrate, probably because of a 
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Fic. 4. Glutamine synthesis as a function of glutamate concentration. The 
conditions were those of the standard system except for variation of the glutamate 
level. 77 mg. of liver in a final volume of 2.0 ml.; reaction period 60 minutes. 


TaB.Le I 
Carbon Precursors in Glutamine Synthesis 
The conditions were those of the standard test system except that glutamate and 
other carbon precursors were added at a concentration of 0.02 m and citrate was 
omitted. 77 mg. of liver in 2.0 ml. final volume; reaction period 60 minutes. The 
data are given in micromoles. 
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lower dissociation constant for ammonia and the glutamine enzyme system. 
Hydroxylamine cannot be substituted for ammonia in the reaction system, 
since it strongly inhibits respiration. 

Phosphate—Omission of inorganic phosphate from the system almost 
completely abolishes amide formation. A maximum rate of synthesis is 
observed at a phosphate concentration of 0.05 m (Fig. 5). Oxygen uptake 
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MOLARITY OF PHOSPHATE ADDED 


Fic. 5. Glutamine synthesis as a function of phosphate concentration. The 
conditions were those of the standard system except that the phosphate concentra- 
tions were varied; when reduced below 0.05 m, phosphate was replaced by an equimo- 
lar quantity of tris(hydroxymethyl)aminomethane buffer of pH 7.4. 77 mg. of 
liver in 2.0 ml. final volume; reaction period 60 minutes. 


and ammonia utilization show similar variation with phosphate concen- 
tration. 

pH—Synthesis of glutamine occurs most rapidly when the pH of the re- 
action mixture is 7.0 (Fig. 6). This is the final pH of the standard system 
described above with liver dispersion present. Oxygen uptake shows a 
higher and ammonia utilization a lower pH optimum. 

Magnesium Ions—When magnesium ions are omitted from the system, 
very little glutamine is formed. A magnesium sulfate concentration of 
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0.006 m is required to give a maximum rate of amide synthesis (Fig. 7) 


Magnesium ions are also required for maximum rates of oxygen and am. 
monia utilization. 


Oxygen—The rate of glutamine synthesis is decreased when air is substi- 
tuted for oxygen in the gas phase, and under anaerobic conditions no amide 
is formed (Table II). The decrease in ammonia utilization on changing 
the gas phase from oxygen to air is nearly equivalent to the decrease in 
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PH 
Fic. 6. Glutamine synthesis as a function of pH. The conditions were those of 
the standard system except that the pH was varied by the addition of small amounts 
of HCl or NaOH. pH measured in complete reaction mixture including liver dis- 
persions; 100 mg. of liver in a final volume of 2.0 ml.; reaction period of 60 minutes. 


amide formation. This indicates that the formation of amino acids is not 
so strictly dependent on high oxygen tension as is amide synthesis. 
Oxidation Substrates—While glutamate is the best substrate for glutamine 
synthesis in pigeon liver dispersions, addition of other carbon compounds 
along with optimal amounts of glutamate accelerates formation of the 
amide (Table III). Succinate, t-malate, oxalacetate, a-ketoglutarate, and 
citrate increase significantly both ammonia utilization and amide synthesis. 
Much of the extra ammonia used is converted to a-amino acid nitrogen. 
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The fact that an equal effect cannot be produced by adding extra gluta- 
mate shows that these substances do not act simply by undergoing conver- 
sion to glutamate. Presumably their oxidation helps to supply the energy 
necessary for glutamine synthesis. Citrate is generally the most effective 
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Fig. 7. Glutamine synthesis as a function of MgSO, concentration. The condi- 
tions were those of the standard system except that the MgSO, level was varied. 
77 mg. of liver in 2.0 ml. final volume; reaction period of 60 minutes. 


of the oxidation substrates; cis-aconitate and dl-isocitrate behave as does 
citrate. 

Other Components—The presence of KCI in the test system has only a 
slight favorable effect on glutamine synthesis. When it is omitted, amide 
formation decreases about 10 per cent. The optimal concentration of 
KCl appears to be 0.03 m. Similarly, omission of diphosphopyridine nu- 
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cleotide lowers the rate of glutamine formation about 10 per cent a andlso 
depresses oxygen uptake. A concentration of diphosphopyridine nucleo- 
tide of 0.0001 m produces a maximum effect on amide synthesis, but 
the oxygen uptake continues to increase at higher levels. The effect of 
cytochrome c is of the same magnitude as that of KCl and diphosphopyri- 
dine nucleotide. 6 X 10-*m cytochrome c is sufficient to give a maximum 


TasBie II 
Requirement of Oxygen for Glutamine Synthesis 


The conditions were those of the standard system except that the gas phase was 
varied. 100 mg. of liver in 2.0 ml. final volume; reaction period 60 minutes. The 
data are given in micromoles. 














Gas phase | Oxygen used | Ammonia used | Amide formed 
nie imme | a | cs 
aia She Ghd Coa ae oN 20.2 | 32.6 13.1 
sSNA eee 13.4 25.5 7.6 
RT Ee Pr er oNeuse 4.5 0.0 
TaBLeE III 


Oxidation Substrates in Glutamine Synthesis 


The conditions were those of the standard system except that various compounds 
were substituted for citrate, all at a concentration of 0.01 m. 77 mg. of liverina 
final volume of 2.0 ml.; reaction period 60 minutes. The data are given in micro- 
moles. 





Extra substrate | Oxygen used Ammonia used ct | Amide formed 
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a-Ketoglutarate....................-. | 21.6 34.0 15.2 
ela Raa lon aR sy AMA ae | 22.6 | 43.6 18.2 





rate of glutamine formation, but higher concentrations are required for a 
maximum rate of oxygen uptake. The addition of nicotinamide, diphos- 
phothiamine, or a boiled extract of pigeon liver does not affect amide 
synthesis. 

Effect of Adenine Nucleotides on Glutamine Synthesis—The effects pro- 
duced by addition of adenosine triphosphate or adenosine-5-phosphate to 
the reaction system depend on the concentration employed and the dura- 
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tion of the experiment. With high concentrations of these nucleotides 
(0.001 to 0.003 m), glutamine synthesis no longer proceeds linearly with 
time; instead the rate falls off rapidly after 20 minutes. Therefore, if meas- 
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Fic. 8. Effect of adenosine triphosphate on the time curve of glutamine synthe- 
sis. The conditions were those of the standard system except for the addition of 


adenosine triphosphate. 77 mg. of liver in 2.0 ml. final volume; reaction periods as 
indicated. 


urements are made at 20 minutes, it is generally found that adenosine 
triphosphate or adenosine-5-phosphate in concentrations of 0.0003 to 0.003 
M causes acceleration in oxygen and ammonia utilization and in amide for- 
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mation. After 60 minutes the effect of the lower concentrations of nucleo. 
tides is still a stimulation, but with higher levels the rates have fallen off so 
markedly that the net effect is inhibition of amide formation. This js 
shown in Fig. 8. These results neither exclude nor prove participation of 
adenosine triphosphate and adenosine-5-phosphate in glutamine synthesis, 

In this connection the rate of hydrolysis of adenosine triphosphate by 
pigeon liver dispersions was measured. The reaction system contained 
0.05 m tris(hydroxymethyl)aminomethane buffer of pH 7.4, 0.03 m’ KCl, 
0.006 mu MgSO,, 0.002 m adenosine triphosphate, and 10 mg. of liver per 


TaB_e IV 
Effect of Adenine Derivatives on Glutamine Synthesis 


The conditions were those of the standard system except for the addition of the 
adenine derivatives. 77 mg. of liver in a final volume of 2.0 ml.; reaction period 60 
minutes. The data are given in micromoles. 





| | Fas , P 
Adenine dmtvative | Concentra-| Oxygen | Ammonia Amide 
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None 20.2 | 36.0 22.3 
Adenosine triphosphate 0.0003} 25.2 | 39.4 25.2 
0.001 26.1 | 35.6 | 24.8 

0.003 24.5 27.7 12.9 

Adenosine-5-phosphate 0.0003 23.0 39.7 24.2 
0.001 27.2 40.0 26.2 

0.003 25.9 30.0 | 16.6 

Adenosine-3-phosphate 0.001 19.6 35.0 | 19.7 
0.003 18.1 29.7 | 17.1 

Adenosine 0.001 22.6 | 32.5 | 19.8 
0.003 21.2 | 26.2 14.2 

Adenine 0.001 20.2 | 30.3 15.6 
0.003 | 19.4 | 23.4 | 10.0 





ml.; the gas phase was nitrogen and the temperature 38°. 2 um of inorganic 
phosphate were split off in 20 minutes by 10 mg. of liver; this corresponds 
to about 50 um per 77 mg. of liver per hour. Therefore the quantities of 
adenosine triphosphate used in the experiments above could rapidly be 
destroyed by hydrolysis; any effect produced by the intact molecule of 
adenosine triphosphate would persist only if the molecule were continu- 
ously regenerated. 

Adenosine-3-phosphate, adenosine, and adenine uniformly cause inhibi- 
tion of amide formation. Illustrative data are given in Table IV. With 
these substances the inhibition is apparent from the beginning of the ex- 
perimental period and the reaction proceeds linearly with time. It is un- 
likely that the delayed inhibitory effects of adenosine triphosphate or 





ade 
cal 
cor 


str 








J. F. SPECK 1401 


adenosine-5-phosphate are due to hydrolysis to adenosine or adenine, be- 
cause in some experiments 0.003 mM adenosine triphosphate has caused 
complete inhibition for the period between 40 and 60 minutes (see Fig. 8), 
while 0.003 m adenosine or adenine has never produced so large an effect. 

Inhibitors of Glutamine Synthesis—Sodium fluoride in low concentrations 
strongly depresses glutamine synthesis in pigeon liver dispersions (Table V). 
The effect on amide formation is apparent at fluoride levels which do not 
markedly reduce oxygen uptake. Furthermore the decrease in ammonia 
utilization closely parallels the decrease in amide formation; conversion of 
ammonia to a-amino acid nitrogen is not so sensitive to fluoride as is glut- 
amine synthesis. It is probable that fluoride acts specifically on some step 
in the actual combination of glutamate and ammonia. 


TaBLE V 
Fluoride Inhibition of Glutamine Synthesis 


The conditions were those of the standard system except for the addition of NaF. 
80 mg. of liver in a final volume of 2.0 ml.; reaction period 60 minutes. The data 
are given in micromoles. 


Concentration of NaF | Oxygen used | Ammonia used Amide formed 
AC ae aes Seats | Fees : = & 

0.0 20.2 33.0 18.8 
0.0001 19.3 32.4 16.9 
0.0003 18.7 29.8 14.5 
0.001 18.3 23.4 9.9 
0.003 16.4 16.3 3.7 
0.01 14.8 12.0 0.7 

0.2 


0.03 10.4 11.0 


Crystal violet has been reported to inhibit the glutamate metabolism of 
Gram-positive cocci (24) and the synthesis of glutamine in extracts of 
Staphylococcus aureus (25). Low levels of this dye inhibit glutamine syn- 
thesis in fresh pigeon liver dispersions. This effect can be observed at a 
concentration of 0.00001 m, and inhibition is complete at 0.0001 Mm. Oxy- 
gen uptake is also strongly depressed by crystal violet, though not so much 
as is amide formation. The action of the dye may therefore be to inter- 
fere with the supply of oxidative energy rather than to block specifically 
the linking of glutamate and ammonia. 


DISCUSSION 


The essential components of the reaction system for glutamine synthesis 
by pigeon liver dispersions are glutamate, ammonia, phosphate and magne- 
sium ions, and oxygen. The other additions, such as KCl, diphosphopyr- 
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idine nucleotide, cytochrome c, and citrate, probably have only supple. 
mentary functions. These results support the view that the energy re. 
quired for combination of glutamate and ammonia is supplied by the 
respiration of the liver dispersion. From current knowledge of the man- 
ner in which energy is obtained from respiratory processes, it might be 
anticipated that phosphorylated compounds are involved in glutamine 
formation. The observation of Krebs (8) that in retina glycolysis can 
support amide synthesis indicates particularly the participation of aden. 
osine triphosphate. In the case of fresh pigeon liver dispersions, addition 
of adenosine triphosphate is not essential for glutamine formation but 
under suitable conditions may accelerate the reaction. When no adenosine 
triphosphate is added, the small amount present in the liver dispersion may 
support amide formation by undergoing a rapid cycle of utilization for 
glutamine synthesis and regeneration by respiration. 

Bujard and Leuthardt (26) have recently found that glutamine is formed 
in rat and guinea pig liver homogenates and that the rate of reaction is 
greatly accelerated by simultaneous addition of magnesium ions and adeno- 
sine triphosphate. In their system the amount of adenosine triphosphate 
in the tissue homogenate is inadequate to maintain amide formation at 
nearly maximum rate. The reason for this difference from the pigeon liver 
system is not clear. 

A more adequate picture of the mechanism of glutamine synthesis has 
been obtained from experiments with tissue extracts, described in the fol- 
lowing paper (5). Extracts of acetone-dried pigeon liver catalyze a reac- 
tion between glutamate, ammonia, and adenosine triphosphate, in the 
presence of magnesium ions, to form glutamine, adenosine diphosphate, 
and inorganic phosphate. This observation confirms the tentative con- 
clusion drawn from studies with tissue slices and homogenates. 


SUMMARY 


Dilute dispersions of fresh pigeon liver form glutamine when glutamate, 
ammonia, phosphate and magnesium ions, and oxygen are present. Po 
tassium ions, diphosphopyridine nucleotide, cytochrome c, citrate, and 
other oxidizable substrates, and, under some conditions, adenosine triphos- 
phate and adenosine-5-phosphate accelerate the synthesis. Fluoride ion 
strongly inhibits the reaction. It is concluded that high energy phosphate 
compounds formed by respiration, such as adenosine triphosphate, are 
utilized in linking glutamate and ammonia. 


It is a pleasure to acknowledge the assistance of Mrs. Mary Bandurski 
and Mrs. Anna-May McCreedy in performing these experiments. — 
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THE ENZYMATIC SYNTHESIS OF GLUTAMINE, A REACTION 
UTILIZING ADENOSINE TRIPHOSPHATE* 


By JOHN F. SPECK 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, November 3, 1948) 


The preceding paper (2) describes experiments on the synthesis of glu- 
tamine in pigeon liver dispersions, which, together with the results of 
Krebs and his collaborators (3, 4) and of Bujard and Leuthardt (5), sug- 
gested that adenosine triphosphate may play an essential réle in amide for- 
mation. Proof for this function of adenosine triphosphate has been ob- 
tained in studies with tissue extracts, which are the subject of the present 
paper. Partially fractionated extracts of acetone-dried pigeon liver have 
been found to catalyze a stoichiometric reaction between adenosine tri- 
phosphate, glutamate, and ammonia, in the presence of magnesium ions, 
to form glutamine, adenosine diphosphate, and inorganic phosphate. 


Methods 


Materials—Commercial preparations of most amino acids, amines, and 
carboxylic acids were used. Diphenylamidophosphate was prepared ac- 
cording to Audrieth and Toy (6) and hydrolyzed to potassium acid amido- 
phosphate by the method of Stokes (7). Methionine sulfoxide was made 
from pL-methionine by the procedure of Toennies and Kolb (8) as modified 
by Waelsch et al. (9). Adenosine triphosphate was isolated from rabbit 
muscle by the method of LePage (10); the preparation was carried through 
two mercury precipitations and finally precipitated as the barium salt with 
BaCl.. Dried in vacuo over CaCh, the product gave the following analysis: 
965 mg. of dibarium adenosine triphosphate contained 5.00 milliatoms of 
total nitrogen, 1.03 mm of adenine (from measurement of light absorption 
at 260 mu), 3.00 mm of total organic phosphate, 1.96 mm of easily hydro- 
lyzable phosphate, and 0.03 mm of inorganic phosphate. Solutions were 
prepared by dissolving the dibarium salt in dilute HCl, adding a small 
excess of Na,SO, solution, neutralizing with NaOH to brom thymol blue as 
an internal indicator, diluting to the desired volume, and centrifuging. 
Adenosine diphosphate was prepared from adenosine triphosphate by 
means of yeast hexokinase (11); it contained easily hydrolyzable phos- 


* This work was aided by grants from the American Cancer Society, upon recom- 
mendation of the Committee on Growth of the National Research Council, and from 
The National Foundation for Infantile Paralysis. A note describing part of this 
work has appeared previously (1). 
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phate equal to 51 per cent of the total organic phosphate. Other materials 
used are described in the preceding paper (2). 

Procedure for Enzyme Experiments—The reaction mixtures were made 
up in 12 ml. conical tipped centrifuge tubes. The final volume was gen. 
erally 1.0 or 1.5 ml. for experiments with hydroxylamine and 2 ml. for 
experiments with ammonia. After all the components except adenosine 
triphosphate had been added, the samples were placed in a water bath at 
30° for 5 minutes; then adenosine triphosphate was added to start the re- 
action. At the end of the incubation period, the reaction was stopped by 
addition of an equal volume of 10 per cent trichloroacetic acid, and analy- 
ses were performed on the supernatants after centrifugation. Samples 
identical in essential respects with the incubated samples were treated 
with trichloroacetic acid before addition of adenosine triphosphate and 
analyzed for initial values. The changes resulting from enzyme action 
were obtained by difference. 

Analytical M ethods—Procedures for the distillation and colorimetric de- 
termination of ammonia and for the hydrolysis of glutamine are presented 
in the preceding paper (2). For inorganic phosphate analyses the method 
of Gomori (12) was modified by substituting an acid-molybdate reagent 
containing 5.0 N H.SQ, for the original reagent containing 2.5 n H,S0,; 
this decreases the possibility of interference from traces of silicate. Pro- 
tein was determined by the biuret procedure of Robinson and Hogden 
(13); a liver protein fraction, the nitrogen content of which had been estab- 
lished by micro-Kjeldahl analysis, was used as a standard. 

Hydroxamic acid was determined by a method essentially identical with 
that of Lipmann and Tuttle (14). The total sample plus an equal volume 
of 10 per cent trichloroacetic acid or an aliquot of a trichloroacetic acid 
filtrate was brought to 3.0 ml. with water. 1.0 ml. of 2mNH,OH of pH 
6.5 (NH.OH-HCI neutralized with NaOH) and 2.0 ml. of 2.5 per cent 
FeCl;-6H,O in 1.5 n HCl were added. If the protein had not been re- 
moved previously, the samples were centrifuged, and the colors were read 
in an Evelyn photoelectric colorimeter with Filter 540, in 18 & 150 mm. 
tubes. A blank and standards of 1.25 to 3.75 um of succinyl hydroxamic 
acid, all containing the same amount of trichloroacetic acid as the u- 
knowns, were read at the same time. Values for hydroxamic acid are 
expressed as succinyl hydroxamic acid equivalents, since a suitable stand- 
ard of glutamyl hydroxamic acid was not available. 


Results 


All the detailed experiments on glutamine synthesis were performed 
with enzyme preparations obtained from acetone-dried pigeon liver, but 
similar enzyme activity is found in other tissues and other species of ali- 
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mals. The pigeon liver preparations catalyze a reaction between adeno- 
sine triphosphate, glutamate, and ammonia to form glutamine, adenosine 
diphosphate, and inorganic phosphate. The reaction can be followed by 
measuring the disappearance of ammonia and formation of amide and 
inorganic phosphate. Ammonia may be replaced by certain simple de- 
rivatives, such as hydroxylamine, hydrazine, and methylamine. When 
hydroxylamine is substituted for ammonia, a hydroxamic acid is pro- 
duced. Because of the convenience of analyzing for the hydroxamic acid, 
hydroxylamine was generally employed in routine enzyme experiments, 
such as establishment of optimal reaction conditions and assay of fractions 
during enzyme purification. 

Purification and Properties of Pigeon Liver Enzyme—Acetone-dried pigeon 
liver served as the source of the enzyme preparations. This material was 
obtained by dispersing fresh pigeon livers in about 6 parts of ice-cold ace- 
tone in a Waring blendor, filtering on a Biichner funnel, resuspending the 
solid in cold acetone, filtering again, and drying on the funnel in a stream 
of air and then in a vacuum desiccator over CaCl. Acetone powders kept 
in a desiccator in the cold yielded active enzyme preparations after at 
least a year. 

Enzymatic activity of acetone powder extracts or of protein fractions 
obtained from the extracts was assayed in a system of the following com- 
position: 0.1 m tris(hydroxymethyl)aminomethane buffer of pH 7.0 (15), 
0.01 m MgSO,, 0.04 m HCN of pH 7 (NaCN freshly neutralized with HCl), 
0.05 msodium t-glutamate, 0.05 m NH.OH of pH 7 (NH.OH-HCI freshly 
neutralized with NaOH), and 0.006 m adenosine triphosphate. The tem- 
perature was 30° and the reaction period 10 minutes. About 0.2 ml. of 
the crude extracts and smaller volumes of the purified fractions were used 
in each 1 ml. final volume of reaction mixture. Formation of hydrox- 
amic acid and inorganic phosphate was measured. The same protein 
fractions were incubated in a system containing only buffer, magnesium 
ions, cyanide, and adenosine triphosphate; liberation of inorganic phos- 
phate in this system was used as a measure of hydrolysis of adenosine 
triphosphate. 

A study of conditions for extraction of the enzyme activity from the 
acetone powder showed that alkaline salt solutions were most effective, 
and 0.2 m NaHCO; was selected as the best of the solutions tested. Gen- 
erally the acetone powder was ground with 10 parts of ice-cold 0.2 m 
NaHCO;, and the solid was removed by centrifugation after the mixture 
had stood in the ice box for a few hours. Reextraction of the solid with 5 
parts of 0.2 m NaHCO; increased the yield of activity by about one-third. 

Extracts of acetone-dried pigeon liver cause hydrolysis of adenosine 
triphosphate. This activity interferes with the study of glutamine syn- 
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thesis by obscuring the stoichiometry and diminishing the quantity of 
adenosine triphosphate available for the synthesis. Hydrolysis of adeno. 
sine triphosphate by pigeon liver extracts is strongly activated by magne 
sium ions; calcium ions are less effective. Different batches of acetone 
powder yield different levels of adenosinetriphosphatase activity. Ry. 
tracts from one powder, which was used for the experiment described in q 
previous note (1), contained little adenosinetriphosphatase and gave fairly 
good stoichiometry in glutamine formation without purification. Extracts 
from another large batch of powder, which was used in all the experiments 
described in the present paper, brought about hydrolysis of adenosine 


TasBLzE I 
Enzyme Assays during Purification 


The fractionation procedure and assay systems are described in the text. Hy. 
droxamic acid and phosphatase activities are expressed as micromoles of hydroxamie 
acid or phosphate per ml. of enzyme solution per 10 minutes and protein as mg. of N 
per ml. of enzyme solution. 


l 























Hyd icacid | 
| | activity | Phospha- | Phospha- | Hydroe 
Fraction | Volume j_...._______| tase Hy droxs | Protein | amic acid 
| ‘one Total | activity | amic acid | Protein 
me mp | ow | me pe ped | iy 
Extract.............- 246 | 8.3 | 2040 | 5.2 | 0.63 4.78 | 1% 
Isoelectric ppt....... 120 | 16.5 | 1980 | 2.4 | 0.15 | 2.80 5.90 
Ppt. 22% ethanol... 35 | 10.0 | 350 | 3.5 | 0.35 3.72 | 2.68 
“22-43% ethanol . 35 | 20.2 710 | 0.0 | 0.00 1.09 | 185 








triphosphate almost as rapidly as utilization for glutamine synthesis. The 
extracts did not show significant glutaminase activity. 

Studies on the precipitation of enzyme activity were carried out so that 
a method for freeing the extracts from adenosinetriphosphatase might be 
devised. A purification procedure was adopted which consisted of isoelec- 
tric precipitation and ethanol fractionation. All operations were carried 
out with cold solutions in a room at a temperature of about 1°. One such 
preparation is described here, and the assay results are given in Table I. 
(a) 20 gm. of pigeon liver acetone powder were extracted twice, first with 
180 ml. and then with 100 ml. of 0.2 m NaHCO;. The combined solutions 
were dialyzed overnight against 0.15 m NaCl-0.005 m NaHCO; and assayed 
(extract). (b) 246 ml. of extract were mixed with 123 ml. of 0.2 M acetate 
of pH 4.2. The precipitate was removed by centrifugation and suspended 
in a mixture of 50 ml. of 0.2 m NaHCO; and 30 ml. of 0.15 m NaCl-0.00 
m NaHCO ;. After an hour the solid was centrifuged and reextracted with 








40 
nij 


slc 
et! 
cit 
th 
no 
tre 
et! 
fu 


ac 
un 
tir 
ph 
an 
(u 
fre 
are 


ere 





ne 
IX- 
a 
‘ly 
ots 
its 


ine 


| "een =3| 


with 





J. F. SPECK 1409 


40 ml. of NaCl-NaHCO;. The combined solutions were dialyzed over- 
night against NaCl-NaHCoO; and assayed (isoelectric precipitate). (c) To 
120 ml. of the solution of the isoelectric precipitate 34 ml. of ethanol were 
slowly added, with efficient stirring and cooling in an ice bath; the final 
ethanol concentration was 22 volumes per cent. After 15 minutes the pre- 
cipitate was centrifuged and suspended in 35 ml. of NaCl-NaHCOs, and 
the solution was clarified by centrifugation (precipitate, 22 per cent etha- 
nol). (d) 136 ml. of supernatant from the first ethanol precipitation were 
treated in the same manner with a further 50 ml. of ethanol, to give a final 
ethanol concentration of 43 volumes per cent. The precipitate was centri- 
fuged and dissolved in NaCl-NaHCO;, and the slight turbidity was re- 
moved by centrifugation (precipitate, 22 to 43 per cent ethanol). 

It can be seen frora the data of Table I that 35 per cent of the original 
activity was obtained in the fraction precipitating between 22 and 43 vol- 
umes per cent of ethanol; this fraction has an activity per unit protein 10 
times as great as that of the original extract and is free from adenosinetri- 
phosphatase activity. This degree of purification is consistently achieved, 
and the yield of activity is usually greater than in this particular example 
(up to 50 per cent of the original activity). Different preparations of this 
fraction were used for the experiments with the pigeon liver enzyme which 
are reported in this paper. A repetition of the isoelectric precipitation 
and ethanol fractionation has given a preparation 20 times as active per 
unit protein as the original extract. 

The enzyme activity in both the original dialyzed extracts and the puri- 
fied fractions is quite stable. The preparations may be kept at 2° for sev- 
eral weeks without significant loss in activity. The activity of the original 
extracts is not diminished by incubation for 3 hours at 30°. The heat 
stability of the enzyme in the crude extracts was tested by heating for 5 
minutes at various temperatures in the presence of 0.05 m t-glutamate, 
which was added to protect specifically the glutamine enzyme. No activ- 
ity was lost at temperatures up to 50°, but complete inactivation occurred 
at 60°. No differential effect on glutamine synthesis and adenosinetri- 
phosphatase activity was observed. 

The enzyme is associated with a protein fraction having the solubility 
properties of a euglobulin. When crude extracts or purified fractions are 
thoroughly dialyzed against distilled water, a precipitate appears which 
contains all the enzyme activity and which can be redissolved in 0.15 m 
NaCl-0.005 m NaHCO . Nearly all the protein of the purified fraction is 
precipitated by water dialysis. 

It is not yet clear whether the pigeon liver preparations contain one or 


more than one protein component essential for the over-all enzymatic 
reaction. 
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Stoichiometry of Reaction—The formation of amide by pigeon liver prepa. 
rations requires the simultaneous presence of glutamate, amine, adenosine 
triphosphate, and magnesium ions. Omission of any one of these compo- 
nents leads to complete inactivity in the synthesis. The stoichiometry 
is most clearly seen in experiments with ammonia as the amine, whep 
measurements of disappearance of ammonia, formation of amide, and lib. 
eration of inorganic phosphate can be made. The amide is determined as 
ammonia released by heating with 1 n H.SO, for 11 minutes at 100°, after 
previous removal of free ammonia by vacuum distillation. ‘Table II gives 
the results of an experiment showing parallel utilization of ammonia and 
formation of amide and inorganic orthophosphate during various reaction 
periods. A series of 52 individual samples, similar to those described in 


Taste II 
Stoichiometry of Glutamine Synthesis 
The samples contained 0.1 m tris(hydroxymethyl)aminomethane buffer of pH 
7.55, 0.01 m MgSQ,, 0.04 m HCN of pH 7.4, 0.05 m t-glutamate, 0.01 m NH,Cl, 0.006 
M adenosine triphosphate, and 0.05 ml. of purified pigeon liver enzyme (31 of N) 
in 1.0 ml. Temperature 30°; times as indicated. The figures given are micromoles 
per ml. of reaction mixture. 





Time Ammonia used Glutamine formed | Phosphate liberated 








min 

5 | 1.7 1.94 1.80 
10 | 3.1 2.98 2.96 
20 3.9 4.08 3.94 
30 4.2 4.83 


4.72 


Table II but including variations in pH, in quantity of enzyme, and in 
concentration of adenosine triphosphate and ammonia, gave the following 
average ratios: 1.05 moles of ammonia used, 1.00 mole of amide formed, 
and 1.00 mole of inorganic phosphate liberated. In the individual samples 
amide and phosphate were always formed in proportions very close to 1°1, 
but ammonia utilization was more variable, probably because it was deter- 
mined less accurately as the difference between large initial and final am- 
monia values. 

These results indicate the formation of a monoamide of glutamic acid. 
This amide is very labile and is completely split by acid under the same 
conditions which give quantitative results with authentic samples of glu- 
tamine, the y-amide of glutamic acid. The observations of Melville (16) 
show that the a-amide, isoglutamine, is much more stable and is compara 
ble to asparagine, which requires 3 hours for complete hydrolysis by 1% 
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H.SO, at 100° (17). The formation of glutamine by pigeon liver is known 
from the work of Orstrém et al. (4), who isolated in crystalline form an 
amide produced by pigeon liver slices from pyruvate and ammonia and 
identified it as glutamine hydrochloride. It may be concluded that the 
amide formed in the present experiments is glutamine. 

Two observations indicate that adenosine diphosphate is the end-product 
formed from adenosine triphosphate. First, when samples containing rela- 
tively large amounts of enzyme are incubated for long periods of time, the 
reaction stops when | mole of glutamine and 1 mole of inorganic phosphate 
have been formed for each mole of adenosine triphosphate added. Sec- 
ond, adenosine diphosphate itself cannot be utilized in the test system, 
unless the enzyme myokinase is added to convert it in part to adenosine 
triphosphate. 

On the basis of these findings the reaction may be written as shown in 
Equation 1. 


Glutamate + ammonia + adenosine triphosphate — glutamine + (1) 
‘adenosine diphosphate + phosphate 


When hydroxylamine is substituted for ammonia, a hydroxamic acid is 
formed, which can be determined colorimetrically by reaction with FeCl, 
and at the same time phosphate is liberated from adenosine triphosphate. 
Data from several individual experiments are presented later, and only 
average values are given here. A series of 154 samples, similar in composi- 
tion to the reaction system for enzyme assay but including variations of 
reaction time, enzyme level, pH, and concentration of each of the react- 
ants, gave the following relation: for 1.00 mole of inorganic phosphate re- 
leased, 1.12 moles of succinyl hydroxamic acid equivalent were formed. 
The proportion was not always constant, varying from 0.98 to 1.80 as ex- 
tremes; this was due in part to variability in the hydroxamic acid determi- 
nation. The changes were not related to alterations in the conditions of 
the enzyme reaction. The failure to observe a 1:1 relation between phos- 
phate liberation and hydroxamic acid formation probably results from the 
use of a standard of succinyl hydroxamic acid, which may not give the 
same color per mole as the hydroxamic acid formed from glutamate. 

Reaction between adenosine triphosphate, glutamate, and ammonia at 
neutral pH should result in the formation of H+ ions. For purposes of 
calculation the over-all process may be divided into two steps: (1) combi- 
nation of carboxylation ion and ammonium ion (Equation 2),' 


R,COO- 4 NH,* => R,CONH; + H:0 (2) 





' R, represents COO-CHNH;*+CH,CH,;-. 
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which involves no acid-base change, and (2) splitting of inorganic phos 
phate from adenosine triphosphate (Equation 3),? 


ie ome ad ‘ 0) 
| | 


| 
lial acd: Maal + HO—P—OH 
O- O- O- 
which results in the formation of one acid group (inorganic phosphate) 
with a pK’ of 6.8. Therefore, at pH 7.4, for each mole of glutamine (or 
phosphate) formed, 0.80 mole of H+ ion should be released. When hy. 


droxylamine, with a pK’ of about 5.9, replaces ammonia, the first step be 
comes (Equation 4) 


R,COO- + NH:OH -— RCONHOH + OH- (4) 


It can be calculated that 0.97 mole of OH™ ion should be released in this 
step; so that the over-all acid-base change in hydroxamic acid formation 
at pH 7.4 should be liberation of 0.17 mole of OH ion. In the same way 
it can be estimated that reaction with methylamine, pK 10.6, should r. 
lease 0.80 mole of H* ion, as in the case of ammonia, and that reaction 
with hydrazine, pK 8.5, should release 0.73 mole of H* ion. Table Ill 
gives the results of an experiment with different amines in bicarbonate 
buffer. Acid-base changes were followed by measuring manometrically 
the CO, released or absorbed, and formation of inorganic phosphate in the 
same samples was used as a measure of amide synthesis. The observed 
evolution of CO; is in rather good agreement with that calculated by mul 
tiplying the phosphate by the factors described above. 

Intermediates—Since it seemed probable that a process involving so many 
components as glutamine synthesis proceeds in steps, attempts were made 
to detect intermediate compounds. 

Reaction of adenosine triphosphate with glutamate might produce such 
compounds as 7-glutamy] phosphate or y-glutamy] adenosine diphosphate, 
which then could react with an amine to yield the amide. It might be ex 
pected that enzymatic catalysis would be necessary for the first step and 
perhaps also for the second. To test for the formation of an intermediate 
from glutamate, reaction mixtures containing buffer, adenosine triphos 
phate, glutamate, Mg** ions, cyanide, and purified pigeon liver enzyme 


* R,OH represents adenosine. 
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were incubated for various times, and the enzyme was then inactivated by 
mild treatment so as to preserve labile compounds. Heating for 30 sec- 
onds in boiling water and immediately cooling and treating with ice-cold 
trichloroacetic acid and immediately neutralizing were two methods used; 
a substance like acetyl phosphate would suffer relatively little decomposi- 
tion during such procedures. The samples were then analyzed for acyl 
phosphates by the hydroxamic acid method of Lipmann and Tuttle (14) 
(an acyl adenosine diphosphate might also react in this determination) and 
by differential phosphate determinations according to Lowry and Lopez 
(18) and Gomori (12). No intermediate was detected. It may be men- 
tioned that if the enzyme was not inactivated before the addition of neu- 


Taste III 
Acid Formation during Amide Synthesis 


The samples were made up in Warburg vessels and contained 0.03 m NaHCO,, 
0.01 m MgSO,, 0.04 m HCN of pH 7.4, 0.05 m t-glutamate, 0.02 m amine, 0.006 m adeno- 
sine triphosphate (tipped in from the side arm after temperature equilibration), 
and 0.10 ml. of purified pigeon liver enzyme (160 y of N) in 2.0 ml. Gas phase 5 per 
cent CO;-95 per cent N:; temperature 30°; time 30 minutes. The figures given are 
micromoles per ml. of reaction mixture. Calculated CO; evolution was obtained 
by multiplying the phosphate formed by the factors given in the text. 














CO: evolu- CO: 

sate | liberated | atGtiea | Sreutog 
inca tide leas 4 ches «aver eet eee ewke eeees | 0.05 | 0.04 0.2 
Ammonium chloride..................s0sesseeee- | 41 3.3 3.1 
EE TES PF rere ere ere | #4 —0.6 0.4 
Hydrazine hydrochloride...................00000 | 3.2 | 2.3 2.3 
Methylamine hydrochloride...................000: | ie ie 2.0 





tral hydroxylamine, as in the original method of Lipmann and Tuttle (14), 
hydroxamic acid was always found. Since the pigeon liver enzyme re- 
mains completely active in the presence of high concentrations of hy- 
droxylamine, hydroxamic acid formation under these conditions cannot be 
regarded as evidence for the enzymatic synthesis and accumulation of an 
acyl phosphate which subsequently reacts non-enzymatically with hy- 
droxylamine. 

Adenosine triphosphate might yield phosphate or adenosine diphosphate 
derivatives of the amines, which then could react with glutamate to give 
the corresponding amides. To test this possibility, reaction mixtures con- 
taining buffer, adenosine triphosphate, hydroxylamine, Mg** ions, cyanide, 
and enzyme were incubated for various times, and the enzyme was then 
inactivated. Differential phosphate analyses failed to show accumulation 
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of labile phosphate compounds. Addition of glutamate did not result jn 
hydroxamic acid formation; this indicates that intermediates capable of 
reacting non-enzymatically with glutamate were not present. One inter. 
mediate which might be formed from adenosine triphosphate and ammonia, 


amidophosphate, was prepared synthetically and tested with the purified | 


pigeon liver enzyme. Amidophosphate could not replace adenosine tri. 


phosphate plus ammonia in reacting with glutamate to form glutamine, | 


It was slowly hydrolyzed by the enzyme preparations and could partially 


replace ammonia, provided adenosine triphosphate was aiso added. This | 
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MOLARITY OF L~-GLUTAMATE 


Fie. 1. Effect of glutamate concentration on the rate of amide synthesis and 
phosphate liberation. The samples contained 0.01 m MgSO,, 0.04 m HCN of pH7, 
0.4 m NH,OH of pli 7.0, t-glutamate in the concentrations shown, 0.006 m adeno- 
sine triphosphate, and 0.10 ml. of purified pigeon liver enzyme (62 y of N) in 1.0 ml. 
Temperature 30°; time 10 minutes. The figures given are micromoles per ml. of 
reaction mixture. 


l 
ack of reactivity indicates that amidophosphate is probably not an inter 
mediate in glutamine synthesis. 

These negative results are not conclusive evidence for a reaction mechan- 
ism involving only one step or against a mechanism involving two or more 
steps. The experimental procedures available were not completely satis 
factory for detecting the types of intermediates suggested above. If 
intermediates exist, they may be exceedingly labile or may not accumulate 
in the incomplete systems in sufficient quantities for analysis. 

The following sections describe the effects of varying the conditions of 
reaction and the components of the system. 

Glulamate—In Fig. 1 the rate of amide synthesis is plotted as a function 
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of the level of t-glutamate. A glutamate concentration of 0.05 m is re- 
quired to give a maximum rate. The method of Lineweaver and Burk 
(19) was used in calculating the glutamate-enzyme dissociation constant 
from such data. Data from three experiments gave an average value for 
the dissociation constant of 0.0027 m (range 0.0011 to 0.0038 m). 

A number of other carboxylic acids were tested for their ability to re- 
place glutamate in forming a hydroxamic acid, but none were effective, 
either in the original dialyzed extracts or in the purified fraction. The sub- 
stances tested included formate, acetate, butyrate, succinate, fumarate, 
cis-aconitate, lactate, malate, citrate, pyruvate, oxalacetate, a-ketogluta- 
rate, glycine, alanine, valine, leucine, isoleucine, serine, threonine, hydroxy- 


TaBie IV 
Activily of Various Amines in Amide Synthesis 
The samples contained 0.1 m tris(hydroxymethyl)aminomethane buffer of pH 
7.0, 0.01 mM MgSO,, 0.04 m HCN of pH 7, 0.05 m L-glutamate, 0.02 m amine, 0.006 m 
adenosine triphosphate, and 0.10 ml. of purified pigeon liver enzyme (62 y of N) 
in 1.0 ml. Temperature 30°; time 10 minutes. The figures given are micromoles 
per ml. of reaction mixture. 











System Phosphate liberated 
No glutamate or amine........ pe sled aca ae wk eRe wea eek 0.06 
eee ee ee 0.18 
Glutamate + methylamine hydrochloride...................... 2.02 


a ii i tain bs sin teh bn dence 2.23 
i Ra xh sted dhs ed ee hb 69.3 ear ee bs pe: 2.28 

~ + hydrazine hydrochloride......................0:: 2.60 
0. 


«; EE eee, eee ae 
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proline, cysteine, methionine, aspartate, phenylalanine, tyrosine, trypto- 
phan, histidine, arginine, lysine, and p-aminobenzoate. 

Amine—The ability of various amines to react with glutamate plus 
adenosine triphosphate was tested by taking advantage of the fact that in 
the absence. of amines there occurs virtually no breakdown of adenosine 
triphosphate, while in the presence of a reactive amine inorganic phosphate 
is liberated. Ammonia, hydroxylamine, hydrazine, and methylamine were 
found to react at approximately the same rates (Table IV) and cysteine 
more slowly. The following amines and amino acids gave negative results 
by this testing procedure: dimethylamine, trimethylamine, p-amino- 
benzoate, glycine, alanine, valine, leucine, isoleucine, serine, threonine, 
hydroxyproline, methionine, aspartate, phenylalanine, tyrosine, trypto- 
phan, histidine, arginine, and lysine. = 

It has previously been indicated that the reaction product formed with 
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ammonia is glutamine, the y-amide of glutamic acid. Hydroxylamine 
yields a substance giving a violet color with FeCl;, characteristic of a hy. 
droxamic acid, an N-substituted amide. It is very probable that all the 
amines effective in the testing procedure described above react in the same 


TaBLE V 
Competition of Amines in Amide Synthesis 
The samples contained 0.1 m tris(hydroxymethyl)aminomethane buffer of pH 
7.0, 0.01 m MgSOQ,, 0.04 m HCN of pH 7, 0.05 m L-glutamate, 0.02 m amine, 0.006 y 
adenosine triphosphate, and 0.10 ml. of purified pigeon liver enzyme (150 y of N) 
in 1.0 ml. Temperature 30°, time 10 minutes. The figures given are micromoles 
per ml. of reaction mixture. 








ites | Hydroxamic acid | Phosphate 














| formed liberated 
I a certisi dined ire siden ed eniven baldeee ok | 3.20 2.78 
i at MME BE idea a slit on pin Hiv is ds Ljaabn che 3.28 
I cates aks se ically dni vere K> =\040:4 vipa + > ‘daw deeds 3.76 
Methylamine................... caine hh A pergh 2.18 
Hydroxylamine + ammonia......................... 1.09 3.16 
di SS 5> sc Vries Cussaen ss ca 1.75 3.58 
ns + methylamine. ha Gann Tee 2.67 2.89 
Tass VI 


Effect of Ammonia Concentration on Glutamine Synthesis 


The samples contained 0.1 m tris(hydroxymethyl)aminomethane buffer of pH 
7.5, 0.01 m MgSO,, 0.04 m HCN of pH 7.5, 0.05 m L-glutamate, NH,C! as indicated, 





0.006 m adenosine triphosphate, and 0.10 ml. of purified pigeon liver enzyme (62 | 
vy of N)in1.0 ml. Temperature 30°; time 20 minutes. The figures given are micro- | 


moles per ml. of reaction mixture. 











NH.Cl added | Glutamine formed Phosphate liberated 
ed — 
0.0 | 0.27 | 0.14 
1.0 1.45 | 1.20 
3.0 3.08 3.20 
5.0 5.11 5.04 
10.0 5.25 5.34 


20.0 5.02 | 5.07 


——$——— 


way, and this supposition is supported by the observation that the other 
amines are competitive with respect to hydroxylamine. When added 
along with hydroxylamine, they depress hydroxamic acid formation, while 
total amide synthesis as measured by phosphate liberation proceeds at 
rate intermediate between those observed with the two amines separately 
(Table V). 
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The dissociation constants for reversible combination of ammonia or 
hydroxylamine with the enzyme are probably quite low. When the con- 
centration of amine is decreased, the rate of reaction is not diminished un- 
til the absolute quantity of amine limits stoichiometrically the extent of 
reaction. Illustrative data for ammonia are given in Table VI. 

Adenosine Triphosphate—Curves showing the relation between rate of 
amide synthesis and adenosine triphosphate concentration are given in 
Fig. 2. No amide is formed when adenosine triphosphate is omitted. 
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MOLARITY OF ADENOSINE TRIPHOSPHATE 


Fie. 2. Effect of adenosine triphosphate concentration on the rate of amide syn- 
thesis and phosphate liberation. The samples contained 0.01 m MgSQ,, 0.04 m HCN 
of pH 7, 0.05 m t-glutamate, 0.4 m NH,OH of pH 7.0, adenosine triphosphate in the 
concentrations shown, and 0.10 ml. of purified pigeon liver enzyme (62 y of N) in 
10 ml. Temperature 30°, time 10 minutes. The figures given are micromoles per 
ml. of reaction mixture. 


Application of the method of Lineweaver and Burk (19) to such data gave 
an average value for the adenosine triphosphate-enzyme dissociation con- 
stant of 0.0025 m (three experiments, range 0.0020 to 0.0028 m). It is not 
practical in routine experiments to add sufficient adenosine triphosphate to 
saturate the enzyme (a concentration of at least 0.02 m would be required); 
instead the initial concentration of adenosine triphosphate was kept uni- 
form in samples which were to be compared. 

Adenosine-5-monophosphate and adenosine diphosphate cannot replace 
adenosine triphosphate in the usual test system, but adenosine diphosphate 
is active if the enzyme myokinase is added to convert it to adenosine 
triphosphate plus adenosine monophosphate (Table VII). Both adenosine 
diphosphate and adenosine monophosphate inhibit amide synthesis when 
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they are present along with adenosine triphosphate. Since it seemed 
likely that this represented a competitive inhibition, rates of reaction were 
determined for samples containing various concentrations of adenosine 
triphosphate in the presence and absence of different concentrations of aden. 
osine monophosphate and diphosphate, and the data were analyzed ae. 
cording to Lineweaver and Burk (19). The results agreed with the hy. 
pothesis of competitive inhibition, and the dissociation constants for both 
adenosine monophosphate and adenosine diphosphate and the enzyme were 
estimated to be about 0.01 m. 


Taste VII 


Effect of Adenosine Monophosphate and Adenosine Diphosphate on Amide 
Synthesis 


The samples contained 0.01 m MgSO,, 0.04 m HCN of pH 7, 0.05 m t-glutamate, 
0.4 m NH.OH of pH 7.0, and 0.10 ml. of purified pigeon liver enzyme (62 y of N) in 
1.0 ml. Adenine nucleotides were added in a concentration of 0.006 mM. Tempera- 
ture 30°; time 10 minutes. The figures given are micromoles per ml. of reaction 
mixture. Myokinase was prepared according to Colowick and Kalckar (11) and 
lyophilized. 


F a: 
Addition | Hydroxamic acid Phosphate 








formed liberated 

EMTS RO Via sie b.00 See 0.03 0.07 
Adenosine-5-monophosphate........ Mee LET EET 0.00 0.14 
Adenosine diphosphate.........................00055 | 0.27 0.13 
" 7 + 7 mg. myokinase.......... | 1.84 1.52 

af IIR on SEE ON oct eel Sab wah hk nical | 3.31 2.28 

stg 0 + adenosine monophosphate. 2.74 2.16 

- - + - diphosphate. . .| 2.54 1.51 


Magnesium Ions—Addition of Mg** ions is essential for amide synthe 
sis. Variation of reaction rate with Mgt* concentration is shown in Fig. 
3; a maximum rate is obtained with 0.01 m MgSOy. The curve is of such 
a shape as to suggest combination of more than one Mg** ion with each 
molecule of enzyme. Mnt* ions can replace Mgt* ions; the optimal con- 
centration of Mn++ is 0.002 m and the maximum rate is only half that ob- 
tained with Mgt*. 

Reducing Agents—Addition of cysteine, glutathione, or cyanide is neces 
sary to achieve maximum rates of amide formation with crude or purified 
liver enzyme preparations (Table VIII). Probably free sulfhydryl 
groups on the enzyme protein are essential for activity. Cyanide gives the 
most rapid reaction rates, and a concentration of 0.04 is sufficient to 
produce a maximum effect. When a reducing agent is present, the reaction 
rate is the same with either air or nitrogen in the gas phase. In perform 
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ing all enzyme experiments, the enzyme and reducing agent were mixed in 
an incomplete reaction system which was incubated for 5 minutes before 


adenosine triphosphate was added to start amide synthesis. 


HYDROXAMIC ACID 
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Fie.3. Effect of Mg** concentration on the rate of amide synthesis and phosphate 
liberation. The samples contained MgSO, in the concentrations shown, 0.04 m 
HCN of pH 7, 0.05 m L-glutamate, 0.4 m NH,OH of pH 7.0,0.006 m adenosine tri- 
phosphate, and 0.10 ml. of purified pigeon liver enzyme (62 y of N) in 1.0 ml. 
Temperature 30°; time 10 minutes. The figures given are micromoles per ml. of 
reaction mixture. 


Taste VIII 
Effect of Reducing Agents on Amide Synthesis 
The samples contained 0.01 m MgSQ,, 0.05 m t-glutamate, 0.4 m NH,OH of pH 
7.0, 0.006 m adenosine triphosphate, reducing agents in a concentration of 0.04 m, 
and 0.13 ml. of purified pigeon liver enzyme (81 y of N) in 1.0 ml. Gas phase air; 


temperature 30°; time 10 minutes. The figures given are micromoles per ml. of 
reaction mixture. 











Reducing agent Hy eats acid Phosphate 
ent ee eae | seo pol oggg 
a 5 SS Se te oes als ae eee as | 3.42 2.86 
IMINIS iis. y ckecrie ech WL ILE: eeeess cawbes 2.96 2.56 
Ee eas Aree, en, Some 2.86 2.49 


pH—If hydroxylamine is added as the amine component and hydrox- 
amic acid formation is measured, the reaction occurs most rapidly when 
the pH of the buffer is 7.0 (Fig. 4). The rate falls off rapidly on the acid 
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side and more slowly on the alkaline side of this pH. When ammonia js | 
the amine and glutamine synthesis is measured, the optimal pH lies be. 
tween 7.5 and 8.0. This difference may be related to the difference be. 
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Fic. 4. Effect of pH on the rate of amide synthesis. The hydroxamic acid sam- 
ples contained 0.01 m MgSQ,, 0.04 m HCN, 0.05 m t-glutamate, 0.4 m NH,OH at 
the pH shown, 0.006 m adenosine triphosphate, and 0.10 ml. of purified pigeon liver 
enzyme (62 7 of N) in 1.0 ml. Temperature 30°; time 10 minutes. The glutamine 
samples contained 0.1 m buffer of the pH shown, 0.01 m MgSQ,, 0.04 m HCN, 0.0 
M L-glutamate, 0.02 m NH,Cl, 0.006 m adenosine triphosphate, and 0.10 ml. of pur 
ified pigeon liver enzyme in 1.0 ml. Temperature 30°; time 20 minutes. Tris(hy- 
droxymethyl)aminomethane buffer was used up to pH 8 and 2-amino-2-methyl-13- 
propanediol buffer (15) from pH 8.5 to 9.5. The figures given are micromoles per 
ml. of reaction mixture. 


tween the pK’ values of the two bases (5.9 for hydroxylamine and 9.4 for 
ammonia). 

Other Components—It is unlikely that other substances readily dissocia 
ble from the enzyme protein are essential for glutamine synthesis by pigeo2 
liver preparations. The enzyme may be dialyzed for long periods of time 
without inactivation, and during purification large losses of total activity 
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do not occur. In particular the cofactor containing pantothenic acid 
which is required for acetylation of sulfanilamide (20) and choline (21) is 
not involved in glutamine formation. Prolonged storage in the ice box 
or incubation for a few hours at room temperature does not reduce the 
activity of pigeon liver extracts in synthesizing glutamine, although such 
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Fic. 5. Kinetics of phosphate liberation during amide synthesis. The samples 
contained 0.1 m tris(hydroxymethyl)aminomethane buffer of pH 7.0, 0.04 m HCN 
of pH 7, 0.01 m MgSO,, 0.05 m t-glutamate, 0.05 m NH.OH of pH 7, 0.006 m adeno- 
sine triphosphate, and the indicated quantities of purified pigeon liver enzyme in 


1.0ml. Temperature 30°; times asshown. The figures given are micromoles per ml. 
of reaction mixture. 


treatment completely abolishes the capacity for acetylation of sulfanila- 
mide by causing destruction of the coenzyme (22).* 

Kinetics—The course of amide synthesis over a period of 30 minutes 
with different quantities of enzyme is represented in Fig. 5. Hydroxyl- 


* In a personal communication Dr. Fritz Lipmann has stated that addition of a 
purified preparation of his coenzyme A to dialyzed pigeon liver extracts does not 
accelerate hydroxamic acid formation from glutamate. 
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amine was present as the amine, but only data for phosphate liberation from 
adenosine triphosphate are given. In this test system all the components 
except adenosine triphosphate are present in sufficient excess to saturate 
the enzyme protein for the whole reaction period. Calculations indicate 
that the reaction rate falls off too rapidly to be first order with respect to 
adenosine triphosphate. By use of the experimentally determined disgo. 
ciation constants and the concentrations of adenosine diphosphate (equal 
to the inorganic phosphate liberated) and of adenosine triphosphate (from 
the initial concentration by difference), the concentration of the adenosine 
triphosphate-enzyme complex at each time interval can be calculated, but 
the observed reaction rates decline more rapidly than the concentration of 


TaBLe IX 
Effect of Sodium Fluoride on Amide Synthesis 
The samples contained 0.01 11 MgfO,, 0.04 a1 HCN of pH 7, 0.05 m t-glutamate, 
0.2 m NH,OH of pH 7.0, 0.006 m adenosine triphosphate, sodium fluoride as indicated, 
and 0.10 ml. of purified pigeon liver enzyme (62 y of N) in 1.0 ml. Temperature 
30°; time 10 minutes. The figures given are micromoles per ml. of reaction mixture, 




















NaF added Hydroxamic acid formed Phosphate liberated 
= = ). Sano 
0.0 3.94 3.30 
0.0001 3.55 2.73 
0.0003 2.61 2.24 
0.001 1.55 1.07 
0.003 0.64 0.35 
0.01 0.39 0.06 
0.03 0.42 0.07 





this complex. A simple formulation of the kinetics is not apparent at 
present. 

The variation of reaction rate with temperature was studied over the 
range 10~40°, with phosphate liberation in a system containing hydroxyl 
amine as a measure of rate. The following temperature coefficients (Qy) 
were observed: 3.1 for the temperature interval 10-20°, 2.1 for the interval 
20-30°, and 1.8 for the interval 30-40°. 

Inhibitors—The formation of amide by pigeon liver enzyme preparations 
is strongly depressed by sodium fluoride in low concentrations.  Illustra- 
tive data are given in Table IX. The inhibition is apparent with 0.000 
m fluoride and is nearly complete with 0.01 m fluoride. The inhibitory 
action of sodium fluoride on glutamine synthesis in fresh pigeon liver dis 
persions (2) is probably a result of this specific effect on the linking d 
glutamate and ammonia. 

Methionine sulfoxide was found by Waelsch et al. (9) to inhibit the 
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growth of lactobacilli; the inhibition could be overcome by addition of 
large amounts of glutamate or small amounts of glutamine, and it was 
suggested that methionine sulfoxide acts as a competitive inhibitor for the 
formation of glutamine from glutamate. MclIlwain et al. (23) have shown 
that methionine sulfoxide prevents formation of glutamine by strepto- 
cocci. Recently Elliott and Gale (24) have demonstrated directly that 
methionine sulfoxide is a competitive inhibitor with respect to glutamate 
for the formation of glutamine from glutamate, ammonia, and adenosine 
triphosphate in extracts of staphylococci. pi-Methionine sulfoxide also 
depresses the synthesis of glutamine by purified pigeon liver preparations. 
Experiments with varying concentrations of glutamate and methionine 
sulfoxide were run, and analysis of the results by the method of Lineweaver 
and Burk (19) showed that methionine sulfoxide was competing with glu- 
tamate for combination with the enzyme. The effects are much smaller 
than those observed with the bacterial extracts; with pigeon liver enzyme 
0.09 m pL-methionine sulfoxide in the presence of 0.01 M L-glutamate causes 
50 per cent inhibition, while with staphylococcus extracts 0.011 m methio- 
nine sulfoxide in the presence of 0.033 m L-glutamate causes 72 per cent 
inhibition. This variation results from differences in the dissociation con- 
stants for the glutamate and methionine sulfoxide complexes of the two 
enzyme proteins. With purified pigeon liver enzyme the dissociation con- 
stant for L-glutamate is 0.0027 m and for pL-methionine sulfoxide about 
0.03 m. From the graph given by Elliott and Gale (24) the dissociation 
constants for the staphylococcus enzyme can be estimated as 0.03 m for 
L-glutamate and 0.002 m for methionine sulfoxide. The lower dissociation 
constant for methionine sulfoxide and the higher constant for glutamate 
should make the bacterial enzyme much more susceptible to competitive 
inhibition than the pigeon liver enzyme. 

Crystal violet has been reported to inhibit glutamate metabolism in 
Gram-positive cocci (25) and glutamine synthesis in extracts of Staphylo- 
coccus aureus (24), and it was found to depress glutamine formation in 
fresh pigeon liver dispersions (2). In concentrations up to 0.001 m this dye 
does not affect the rate of glutamine synthesis in pigeon liver extracts, al- 
though such concentrations completely inhibit amide formation in pigeon 
liver dispersions or bacterial extracts. Probably crystal violet depresses 
glutamine synthesis in pigeon liver dispersions by interfering with the sup- 
ply of oxidative energy available through respiration, since oxygen uptake 
is also inhibited. The difference between extracts of pigeon liver and of 
bacteria in sensitivity to crystal violet presumably is due to differences in 
the enzyme proteins, since the reactions catalyzed by the two preparations 
are the same (adenosine triphosphate, glutamate, and ammonia, reacting 
in the presence of Mgt* ions and reducing agents to give glutamine). 
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Distribution of Enzyme Activity—Acetone powders of brain, liver, and 
kidney of various species were extracted with bicarbonate solutions and 
tested for activity by the hydroxamic acid procedure. Single batches of 
these powders, sometimes rather old, were used; so that for the most part 
quantitative comparisons of activity could not be made. Some activity 
was found in all the acetone powders tested; these included pigeon liver 
and brain, rat liver, kidney, and brain, guinea pig liver, kidney, and brain, 
rabbit liver, kidney, and brain, cat liver, kidney, and brain, beef liver, and 
pig liver. When comparable powders of different tissues from a single 
species were available, it was found that brain gave more active enzyme 
preparations than did liver or kidney (except for the pigeon). Pigeon liver 
powder was the best source of enzyme in terms of total activity per unit 
weight of powder or of activity per unit of extracted protein. The various 
acetone powder extracts also caused hydrolysis of adenosine triphosphate, 
but those preparations which formed hydroxamic acid readily also split in- 
organic phosphate from adenosine triphosphate more rapidly when the 
components of the amide-synthesizing system (glutamate plus hydroxyla- 
mine) were present than when they were omitted. This observation, to- 
gether with the fact that no hydroxamic acid was formed when adenosine 
triphosphate was not added, indicates that the enzymes from other sources 
catalyze the same sort of reaction between adenosine triphosphate, gluta- 
mate, and amine that has been demonstrated for the pigeon liver enzyme. 


DISCUSSION 


These studies show that the synthesis of glutamine in enzyme prepara- 
tions from pigeon liver involves a reaction between glutamate, ammonia, 
and adenosine triphosphate, in the presence of magnesium ions, to form 
the amide, adenosine diphosphate, and inorganic phosphate. Adenosine 
triphosphate supplies the energy necessary for the synthesis of the amide 
linkage by participating stoichiometrically in the reaction. Similar en- 
zyme activity is found in brain, liver, and kidney of a number of verte- 
brates. Elliott (26) has described a similar reaction system for glutamine 
synthesis, using acetone-dried sheep brain as the source of enzyme, and 
Elliott and Gale (24) have obtained extracts of Staphylococcus aureus 
which bring about the same reaction. It is likely that an analogous mech- 
anism is utilized in the synthesis of glutamine and asparagine in plants. 

The enzymatic synthesis of glutamine shows interesting similarities to 
the synthesis of acetylcholine (27, 28) and of sulfanilamide (22, 29). In 
these reactions adenosine triphosphate is utilized as the source of energy 
for the formation of an amide or ester linkage. In all cases the enzymes 
are found in extracts of acetone powders, and reducing agents must be 
added for maximum activity. However, there are significant differences 
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among these systems. Mg?** ions are necessary for the synthesis of gluta- 
mine and of acetylcholine (30) but not of acetyl sulfanilamide (22). A co- 
factor containing pantothenic acid is required for the acetylation reactions 
(20, 21) but not for glutamine formation. 

Utilization of the energy of adenosine triphosphate for the synthesis of 
amide linkages seems to be a reaction of general importance. In addition 
to glutamine and acetyl! sulfanilamide, p-aminohippuric acid (31) and hip- 
puric acid (32) are probably formed in thisway. Such a mechanism is also 
a plausible one for the synthesis of true peptide bonds between amino 
acids. 


SUMMARY 


Purified extracts of acetone-dried pigeon liver catalyze a stoichiometric 
reaction between adenosine triphosphate, glutamate, and ammonia, in the 
presence of Mg** ions, to form glutamine, adenosine diphosphate, and in- 
organic phosphate. The preparation and some of the properties of the 
enzyme are described. The stoichiometry of the reaction is shown by 
measurements of amide formation, ammonia utilization, inorganic phos- 
phate liberation, and H* ion formation. 

In this system other carboxylic acids than glutamic acid do not form 
amides. Hydroxylamine, hydrazine, and methylamine can be substituted 
for ammonia; a hydroxamic acid is formed when hydroxylamine is present. 
Adenosine monophosphate and adenosine diphosphate cannot replace ade- 
nosine triphosphate in amide synthesis. Mn** ions can be substituted for 
Mgt ions. Reducing agents such as cyanide or sulfhydryl compounds 
must be added to obtain maximum rates of reaction. 

Synthesis of glutamine is strongly depressed by low concentrations of 
sodium fluoride. High concentrations of methionine sulfoxide inhibit com- 
petitively with respect to glutamate. 

Similar enzyme activity is found in acetone powder extracts of brain, 
liver, and kidney of a number of vertebrates. 


It is a pleasure to acknowledge the assistance of Mrs. Mary Bandurski 
and Mrs. Anna-May McCreedy in performing these experiments. 
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Stekol and Weiss, 1049 
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F 


Fatty acid(s): Artery, formation in 
vitro, C'* and P#® as indicators, 
Chernick, Srere, and Chaikoff, 113 
Oxidation, liver mitochondria, Ken- 
nedy and Lehninger, 957 
Synthesis, acetate utilization, Pon- 
ticorvo, Rittenberg,and Bloch, 839 
Fibrin: Electron microscopy, Hall, 857 

Fibrinogen: Electron microscopy, Hall, 


857 
Folic acid: Conjugate, yeast, extraction, 
Greene, 1075 


See also Pteroylglutamic acid 
Fumaric acid: Tissues, determination, 
chromatographic, Marshall, Orten, 
and Smith, 1127 


G 


Galactose: Distribution, nephrectomy, 
insulin effect, Levine, Goldstein, 
Klein, and Huddlestun, 985 

Glucose derivatives from, enzymatic 
transformation, Caputto, Leloir, 
Trucco, Cardini, and Paladini, 497 

Glucomutase: Phospho-, Jagannathan 

and Luck, 561, 569 
—, mechanism of action, Jagannathan 
and Luck, 569 
Sutherland, Posternak, and Cori, 501 
—, purification and properties, Jagan- 


nathan and Luck, 561 
Glucose: Blood sugar, insulin injection 
and, effect, Somogyi, 1289 


Carbon-labeled, metabolism,  dia- 
phragm, in vitro, Villee and Has- 
tings, 673 

Derivatives, galactose transformation 
to, enzymatic, Caputto, Leloir, 
Trucco, Cardini, and Paladini, 497 

Labeled, lipogenesis, hepatectomy, 
Masoro, Chaikoff, and Dauben, 1117 

Lipogenesis, hepatectomy, C’ in 
study, Masoro, Chaikoff, and Dau- 
ben, 1117 

Glutamic acid: Lactobacillus arabinosus, 
utilization, Camien and Dunn, 935 
Pteroyl. See Pteroylglutamic acid 








INDEX 


Glutamine: Synthesis, enzymatic, aden- 

osine triphosphate, relation, Speck, 

1405 

—, liver, Speck, 1387 

Glutaric acid: a,y-Diamino-8-hydroxy., 

Carter, Loo, and Rothrock, 1027 
Glutathione: Synthesis, liver, Bloch, 


1245 
—, — extracts, cell-free, Johnston and 
Bloch, 493 


Glyceric acid: Phospho-, mutase, mech- 
anism of action, Sutherland, Pos- 
ternak, and Cori, 501 

Glycine: Hemoglobin biosynthesis, util- 
ization, Grinstein, Kamen, and 
Moore, 359 

Metabolism, parenteral administration 
effect, Handler, Kamin, and Harris, 
283 

Nitrogen!®-containing, polynucleotide 
purines, nitrogen turnover, use in 
study, Reichard, 773 

Glycogen: Origin, C'‘-labeled carbon di- 
oxide, acetate, and pyruvate in 
study, Topper and Hastings, 1255 

Glycolysis: Brain, amino acid amides 
and esters, effect, Krimsky and 
Racker, 903 

Growth: Ammonium nitrogen effect, 
Lardy and Feldott, 509 

Cystathionine diketopiperazines, ef- 
fect, Stekol and Weiss, 1057 
Ethionine and sulfur-containing amino 
acids and choline, effect, Stekol and 


Weiss, 1049 
Homolanthionine diketopiperazines, 
effect, Stekol and Weiss, 1057 
Lima bean fraction, effect, Tauber, 
Kershaw, and Wright, 1155 
Methionine diketopiperazines, effect, 
Stekol and Weiss, 1057 
Tetrahymena geleii, Rockland and 
Dunn, 5ll 
H 
Heme: Synthesis, polycythemia vera 


and anemia, London, Shemin, West, 
and Rittenberg, 463 


H 


H 


H. 


Hy 


Hye 








SUBJECTS 


Hemoglobin: Biosynthesis, glycine util- 
ization, Grinstein, Kamen, and 
Moore, 359 

Derivatives, hyaluronidase, effect, 
Wattenberg and Glick, 1213 
Metabolism, porphyria, isotopes in 
study, Grinstein, Aldrich, Hawkin- 
son, and Watson, 983 

Hepatectomy: Lipogenesis from glucose, 
C™ in study, Masoro, Chaikoff, and 
Dauben, 1117 

Homogentisic acid: Preparation, chem- 
ical, Abbott and Smith, 365 

Homolanthionine: Diketopiperazines, 
growth, effect, Stekol and Weiss, 1057 

Sulfur**-containing, conversion to $*5- 


cystine, Stekol and Weiss, 67 
Hyaluronidase: Blood serum fractions, 
Moore and Harris, 377 


Body fluids, effect, Wattenberg and 
Glick, 1213 
Hemoglobin derivatives, effect, Wat- 
tenberg and Glick, 1213 
Steroids, effect, Wattenberg and Glick, 


1213 

Tissue extracts, effect, Wattenberg 

and Glick, 1213 

Hydramine: Diphen-. See Diphenhy- 
dramine 


Hydrogen ion concentration: Blood plas- 
ma, determination, Van Slyke, Wei- 


siger,.and Van Slyke, 743 
Urine, determination, Van Slyke, Wei- 
siger, and Van Slyke, 757 


Hydrogen peroxide: Ethyl, catalase 
compounds, Chance, 1331, 1341 
—,——, kinetics and activity, Chance, 
1341 

—,——, spectra, Chance, 1331 
Methyl, catalase compounds, Chance, 
1331, 1341 

—,—-—, kinetics and activity, Chance, 
1341 

—, — —, spectra, Chance, 1331 
Hydroxyindole(s): 6-, polymerization, 
melanin formation, relation, Morton 
and Slaunwhite, 259 


Hydroxy-17-ketosteroid(s): 38-, hydro- 
chloric acid hydrolysis effect, Bitman 
and Cohen, 


455 
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Hydroxy-20-ketosteroid(s): 17a-, prep- 
aration, Kritchevsky and Gallagher, 


507 
Hydroxyprogesterone: 17a-, preparation, 
Kritchevsky and Gallagher, 507 


Hydroxyvaline: 8-, determination, Ste- 
vens and Halpern, 389 


I 


Indole(s): 6-Hydroxy-, polymerization, 
melanin formation, relation, Morton 
and Slaunwhite, 259 

Indole-3-acetic acid-a-C": Synthesis, 
Heidelberger, 139 

Influenza: Virus, hemagglutination, egg 
white inhibitor, Lanni, Sharp, Eck- 
ert, Dillon, Beard,and Beard, 1275 

—, preparation and properties, Lanni, 
Sharp, Eckert, Dillon, Beard, and 


Beard, 1275 
Insulin: Amino acid metabolism, réle, 
Lotspeich, 175 
Blood sugar, effect, Somogyi, 217 
— —, glucose feeding, and, effect, 
Somogyi, 1289 


Dinitrophenyl, peptides, isolation, en- 
zyme digests, Woolley, 593 
Galactose distribution, nephrectomy, 
effect, Levine, Goldstein, Klein, and 
Huddlestun, 985 
Intestine: Phosphatase, amino acids with 
magnesium and cobalt, effect, Bo- 
dansky, 81 
Iodoacetamide: Blood serum protein co- 
agulation, effect, Huggins and Jen- 
sen, 645 
Iodoacetate: Blood serum protein co- 
agulation, effect, Huggins and Jen- 
sen, 645 
Isotope(s): Hemoglobin metabolism, 
porphyria, use in study, Grinstein, 
Aldrich, Hawkinson, and Watson, 
983 

Porphyrin metabolism, porphyria, use 
in study, Grinstein, Aldrich, Hawk- 
inson, and Watson, 983 


J 


Jervine: Rubi-, chemical constitution, 
Sato and Jacobs, 623 
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K 


Ketosteroid(s): 17a-Hydroxy-20-, prep- 
aration, Kritchevsky and Gallayher, 


507 | 
38-Hydroxy-17-, hydrochloric acid hy- | 


drolysis effect, Bitman and Cohen, 


455 

Kidney: Carnosinase, Hanson and 
Smith, 789 
Cortex extracts, citrate formation, 
Kalnitsky, 1015 


Extracts, dihydroxyphenylalanine me- 
tabolism, Clegg and Sealock, 1037 
Phosphorylation, azide effect, Loomis 
and Lipmann, 
See also Nephrectomy 
Kynurenic acid: Tryptophan conversion 
to, in vivo, Heidelberger, Gullberg, 
Morgan, and Lepkovsky, 143 
Kynurenine: Tryptophan conversion to, 
in vivo, Heidelberger, Gullberg, Mor- 
gan, and Lepkovsky, 143 


L 


Lactobacillus arabinosus: Bicarbonate 
utilization, biotin réle, C'* in study, 
Lardy, Potter, and Burris, 721 

p-Glutamic acid utilization, Camien 
and Dunn, 935 

Lactobacillus bifidus: Desoxyriboside 
requirement, vitamin By: relation, 
Tomarelli, Norris, and Gyérgy, 485 

Lactobacillus brevis: Protein hydroly- 
sates, proline determination, use, 
Dunn, McClure, and Merrifield, 11 

Lactobacillus lactis: Nutrition, Kodit- 
schek, Hendlin, and Woodruff, 1093 

Lanthionine: Homo-, diketopiperazines, 
growth, effect, Siekol and Weiss, 1057 

Sulfur**-containing, conversion to S*5- 
cystine, Slekol and Weiss, 67 

Lima bean. Sce Bean 

Lipide(s): Phospho-. See Phospholipide 

Lipogenesis: Glucose, hepatectomy, C™ 
in study, Masoro, Chaikoff, and Dau- 
ben, 1117 

Lipoprotein(s): Blood serum, ultracen- 
trifugation, Gofman, Lindgren, and 
Elliott, 973 





503 | 








INDEX 


Liver: Acetone metabolism, Borek and 


Rittenberg, 843 
Extracts, cell-free, glutathione syn. 
thesis, Johnston and Bloch, 493 
Glutamine synthesis, Speck, 1387 
Glutathione synthesis, Bloch, 1245 


Homogenates, arginine synthesis from 
citrulline, Ratner and Pappas, 1199 
Mitochondria, fatty acid and triecar- 
boxylic acid intermediates, oxida. 
tion, Kennedy and Lehninger, 957 
Peptide, Borsook, Deasy, Haagen. 
Smit, Keighley, and Lowy, 705 
Protein, labeled lysine incorporation, 
Borsook, Deasy, Haagen-Smit, 
Keighley, and Lowy, 689 
—, radioactive carbon dioxide and 
acetate incorporation in vitro, Anfin- 
sen, Beloff, and Solomon, 1001 
Riboflavin, N,N-dimethy]-p-aminoben- 
zene destruction, effect, Kensler, 1079 
Tyrosine oxidation, pteroylglutamic 
acid réle, Rodney, Swendseid, and 


Swanson, 19 
Xanthine oxidase, diet effect, Schmitt 
and Petering, 489 


See also Hepatectomy 
Livetin: Egg yolk, electrophoresis, Shep- 


ard and Hottle, 349 
Lymph: Extract, lymphatic tissue, 
physicochemistry, Harris, Moore, 
and Farber, 369 
Lymphocyte(s): Agglutination, Ludewig 
and Chanutin, 271 
Extracts, lymphatic tissue, physico- 
chemistry, Harris, Moore, and 
Farber, 369 
Lysine: Labeled, liver protein homo- 
genate, incorporation, Borsook, 


Deasy, Haagen-Smit, Keighley, and 
Lowy, 689 


M 


Magnesium: Bone phosphatase, amino 
acids with, effect, Bodansky, &l 

— sarcoma phosphatase, amino acids 
with, effect, Bodansky, 81 
Intestine phosphatase, amino acids 


with, effect, Bodansky, sl 








Mit 
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Se 
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SUBJECTS 


Maltose: Escherichia coli, utilization, 


Doudoroff, Hassid, Putman, Potter, | 


and Lederberg, 921 | 

Mannosidostreptomycin: Determina- | 

tion, chemical, Perlman, 1147 | 

Melanin: Formation, 6-hydroxyindole | 
polymerization, relation, Morton and 
Slaunwhite, 259 
Methionine: p-, radioactive, resolution, 
Wood and Gutmann, 535 
Diketopiperazines, growth, effect, Ste- 
kol and Weiss, 1057 


Methylating compound(s): Animal pro- 
tein factor, effect, Gillis and Norris, 
487 
Methyl-1,4-naphthoquinone: 2-, photo- 
chemistry, Davis, Mathis, Howton, 
Schneiderman, and Mead, 383 
Methylnicotinamide: N'-, 6-pyridone, 
urine, determination, fluorometric, 
Rosen, Perlzweig, and Leder, 157 
Mitochondria: Liver, fatty acid and tri- 
carboxylic acid intermediates, oxida- 
tion, Kennedy and Lehninger, 957 
Mold: See also Neurospora 
Muscle: Adenosinetriphosphatase and 
phosphatase, vitamin FE, effect, Carey 


and Dziewiatkowski, 119 
Phosphorylase, crystalline, Hestrin, 
943 

See also Diaphragm 
Mutase: Phosphogluco-, Jagannathan 
and Luck, 561, 569 
—, mechanism of action, Sutherland, 
Posternak, and Cori, 501 
Phosphoglyceric acid, mechanism 
of action, Sutherland, Posternak, and 
Cori, 501 


Myoglobin: Absorption spectra and ex- 
tinction coefficients, Bowen, 235 


N 


Naphthindan-2 3 ,4-trione hydrate: 
peri-, a-amino acid determination, 
micro-, use, Moubasher and Awad, 

915 


Naphthoquinone: 2-Methyl-1,4-, photo- | 
chemistry, Davis, Mathis, Howton, | 
Schneiderman, and Mead, 383 | 
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Nephrectomy: Galactose distribution, 
insulin effect, Levine, Goldstein, 
Klein, and Huddlestun, 985 

Neurospora: Anthranilic acid metabo- 
lism, isotopic carbon in study, Nyc, 
Mitchell, Leifer, and Langham, 783 

Neurospora crassa: Biotin determina- 
tion, oleic acid effect, Hodson, 49 

Niacin: Carbon'‘-labeled, cathode rays, 
effect, Goldblith, Proctor, Hogness, 
and Langham, 1163 

Nicotinamide: N'-Methyl-, 6-pyridone, 
urine, determination, fluorometric, 
Rosen, Perlzweig, and Leder, 157 

Nicotinic acid: Tryptophan conversion 
to, in vivo, Heidelberger, Gullberg, 


Morgan, and Lepkovsky, 143 
Heidelberger, Abraham, and Lep- 
kovsky, 151 
Nitrogen: Ammonium, growth, effect, 
Lardy and Feldott, 509 
Polynucleotide purines, turnover, gly- 
cine N® use, Reichard, 773 
Nucleic acid: Ribo-, ribonucleoside prep- 
aration from, Reichard, 763 
Nucleoside(s): Ribo-, preparation from 
ribonucleic acid, Reichard, 763 


Nucleotide(s): Poly-, purines, nitrogen 
turnover, glycine N!5 use, Reichard, 
773 


Oo 


Oleic acid: Biotin determination with 
Neurospora crassa, effect, Hodson, 

49 

Orotic acid: Pyrimidine precursor, Ar- 
vidson, Eliasson, Hammarsten, Rei- 
chard, von Ubisch, and Bergstrim, 
169 

Oxalacetate: Citric acid synthesis, enzy- 
matic, relation, Stern and Ochoa, 


491 

Oxidase: p-Aspartic, Still, Buell, Knoz, 
and Green, 831 
Cytochrome, determination, colorimet- 
ric, Smith and Stoiz, 891 
Phenol, plant, determination, colori- 
metric, Smith and Stotz, 865 


Xanthine, liver, diet effect, Schmitt 
and Petering, 489 
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Oxygen: Uptake, measurement, carbon 
dioxide pressure, effect, Pardee, 1085 


P 


Pancreas: Carboxypeptidase, Smith and 
Hanson, 803 
Protease, molecular size and shape, 
Schwert, 655 
Papain: pL-Tryptophan resolution, Han- 
son and Smith, 815 
Penicillin: Staphylococcus aureus labile 
phosphate, effect, Park and Johnson, 

585 

Peptidase: Carboxy-, optical specificity, 
Hanson and Smith, 815 

—, pancreas, Smith and Hanson, 803 
Peptide(s): Dinitrophenyl insulin and 
dinitrophenyl trypsinogen, enzyme 
digests, isolation, Woolley, 593 
Liver, Borsook, Deasy, Haagen-Smit, 
Keighley, and Lowy, 705 
Peroxidase: Plant, determination, col- 


orimetric, Smith, Robinson, and 
Stoiz, 881 
Peroxide: Catalase-, complexes, com- 
position, Chance, 1311 


Phenol(s): p-Cresol and, urine, deter- 
mination, Schmidt, 211 
Oxidase, plant, determination, colori- 


metric, Smith and Stotz, 865 
Urine, Schmidt, 211 
Phenylalanine: Dihydroxy-, metabo- 
lism, kidney extracts, Clegg and 
Sealock, 1037 
-Low diet, §8-2-thienylalanine effect, 
Ferger and du Vigneaud, 61 
Pheoporphyrin: Chlorophyll c, Granick, 
505 


Phosphatase: Adenosinetri-, muscle, vi- 
tamin E deficiency, Carey and Dzie- 
wiatkowski, 119 

Bone, amino acids with magnesium and 
cobalt, effect, Bodansky, 81 
— sarcoma, amino acids with magne- 
sium and cobalt, effect, Bodansky, 
81 

Intestine, amino acids with magnesium 
and cobalt, effect, Bodansky, 81 
Muscle, vitamin E deficiency, Carey 
and Dziewiatkowski, 119 








INDEX 


Phosphate: Labile, Staphylococcus aur. 
eus, penicillin effect, Park and John. 
son, 585 

Propionibacterium pentosaceum me. 
tabolism, effect, Barker and Lip. 
mann, 247 

Phospho(enol)pyruvate: Enzyme equi- 
librium, Meyerhof and Oesper, 137] 

Phosphoglucomutase: Jagannathan and 


Luck, 561, 569 
Mechanism of action, Sutherland, Pos. 
ternak, and Cori, 501 
Jagannathan and Luck, 569 


Purification and properties, Jagan- 
nathan and Luck, 561 
Phosphoglyceric acid: Mutase, mecha- 
nism of action, Sutherland, Poster. 


nak, and Cori, 501 
Phospholipide(s): Artery, formation in 
vitro, C4’ and P* as _ indicators, 


Chernick, Srere, and Chaikoff, 118 
Phosphorus: Radioactive, artery fatty 
acid and phospholipide formation 
in vitro, indicator, Chernick, Srere, 


and Chaikoff, 113 
Phosphorylase: Crystalline, muscle, 
Hestrin, 943 


Phosphorylation: Kidney azide effect, 
Loomis and Lipmann, 
Piperazine(s): Diketo-, cystathionine, 
homolanthionine, and methionine, 
growth effect, Stekol and Weiss, 1057 
Plant: Peroxidase, determination, colori- 
metric, Smith, Robinson, and Stota, 
881 
Phenol oxidase, determination, colori- 
metric, Smith and Stotz, 865 
Sugars, labeled carbon distribution, 
Gibbs, 499 
Polycythemia vera: Heme synthesis and 
red blood cell dynamics, London, 
Shemin, West, and Rittenberg, 43 | 
Polynucleotide(s): Purines, nitrogen 
turnover, glycine N* use, Reichard, 
73 
Porphyria: Porphyrin and hemoglobin 
metabolism, isotopes in study, Grin- 
stein, Aldrich, Hawkinson, and Wat 
son, 983 
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SUBJECTS 


Porphyrin: Metabolism, porphyria, iso- 
topes in study, Grinstein, Aldrich, 
Hawkinson, and Watson, 983 

Pheo-, chlorophyll c, Granick, 505 
Proto-, synthesis, acetate utilization, 
Ponticorvo, Rittenberg, and Bloch, 
839 

Progesterone: 17-Hydroxy-, prepara- 
tion, Kritchevsky and Gallagher, 507 

Proline: Protein hydrolysates, determi- 
nation, Lactobacillus brevis use, 
Dunn, McClure, and Merrifield, 11 

Propionibacterium pentosaceum: Me- 
tabolism, phosphate effect, Barker 
and Lipmann, 247 

Protease: Pancreatic, molecular size and 
shape. Schwert, 655 

Protein(s): Blood serum, acetic acid ef- 
fect, Perlmann and Kaufman, 133 

— —, coagulation, heat, Huggins and 
Jensen, 645 
— —, —, sulfhydryl groups, iodoace- 
tate, and iodoacetamide effect, Hug- 
gins and Jensen, 645 
—, transfer, Hansen and Phillips, 523 
Colostrum, Hansen and Phillips, 523 
Factor, animal, methylating com- 
pounds, effect, Gillis and Norris, 
487 

Hydrolysates, proline determination, 
Lactobacillus brevis use, Dunn, Mc- 
Clure, and Merrifield, 11 
Lipo-, blood serym ultracentrifugation, 
Gofman, Lindgren, and Elliott, 973 
Liver, labeled; lysine incorporation, 
Borsook,  \Deasy, Haagen-Smit, 
Keighley, and Lowy, 689 
—, radioaétive carbon dioxide and 
acetate/ incorporation in vitro, An- 
jinsen, Beloff, and Solomon, 1001 

Proteinase: Trypsin and chymotrypsin, 
diigopropyl fluorophosphate effect, 
Jansen, Nutting, Jang, and Balls, 

189 

Proto porphyrin: Synthesis, acetate utili- 

Zation, Ponticorvo, Rittenberg, and 

/ Bloch, 839 
Protozoa: See also Tetrahymena, Trypa- 
/  nosoma 
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Pteridine(s): Xanthine oxidation, enzy- 


matic, effect, Hofstee, 633 
Xanthopterin oxidation, enzymatic, 
effect, Hofstee, 633 


Pterin(s): Pteroylglutamic acid-related, 
blood, effect, Swendseid, Wittle, 
Moersch, Bird, and Brown, 1175 


| Pteroylglutamic acid: Liver tyrosine oxi- 


dation, rdle, Rodney, Swendseid, and 
Swanson, 19 
-Related pterins, blood, effect, Swend- 
seid, Wittle, Moersch, Bird, and 
Brown, 1175 

See also Folic acid 
Purine(s): Chromatography, Daly and 
Mirsky, 981 
Polynucleotides, nitrogen turnover, 
glycine N'® use, Reichard, 773 
Substituted, biological activity, Kid- 
der and Dewey, 181 
Pyridoxal-3-phosphate: Codecarboxyl- 
ase, relation, Umbreit and Gunsalus, 


279 
Pyrimidine(s): Chromatography, Daly 
and Mirsky, 981 


Orotic acid as precursor, Arvidson, 
Eliasson, Hammarsten, Reichard, 
von Ubisch, and Bergstrém, 169 

Pyruvate: Carbon-labeled, glycogen 
origin, use in study, Topper and 


Hastings, 1255 
Phospho(enol)-, enzyme equilibrium, 
Meyerhof and Oesper, 1371 


R 


Ray: Cathode. See Cathode ray 
Riboflavin: Liver, N,N-dimethyl-p- 
aminoazobenzene destruction, effect, 
Kensler, 1079 
Ribonucleic acid: Ribonucleoside prep- 
aration from, Reichard, 763 
Ribonucleoside(s): Preparation from ri- 
bonucleic acid, Reichard, 763 
Riboside: Desoxy-, Lactobacillus bifidus 
requirement, vitamin By, relation, 
Tomarelli, Norris, and Gyérgy, 485 
Rubijervine: Chemical constitution, 
Sato and Jacobs, 623 
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Ss | Tocopherol: a-, vitamin E potency, 
Sarcoma: Bone, phosphatase, amino | Harris and Ludwig, 1111 
acids with magnesium and cobalt, | Tooth: Calcification, Sobel, Hanok, 
effect, Bodansky 81 | Kirshner, and Fankuchen, 25 
Serine: g-Carbon formation, choline | Roentgen ray diffraction patterns, 


methyl groups, relation, Sakami, | 


495 
Staphylococcus aureus: Phosphate, la- 
bile, penicillin effect, Park and 
Johnson, 585 
Steroid (s): 3a, 1la-Dihydroxy-l7a-,syn- 
thesis, Marshall and Gallagher, 1265 
Hyaluronidase, effect, Wallenberg and 
Glick, 1213 
38-Hydroxy-17-keto-, hydrochloric acid 
hydrolysis effect, Bitman and Cohen, 
455 
Streptamine: Degradation products, 
Carter, Loo, and Rothrock, 1027 
Streptomycin: Mannosido-, determina- 
tion, chemical, Perlman, 1147 
Sugar(s): Blood. See Blood sugar 
Plant, labeled carbon distribution, 
Gibbs, 499 
Sulfhydryl group(s): Blood serum pro- 
tein coagulation, effect, Huggins 
and Jensen, 645 
Sulfur: -Containing amino acids with 
ethionine, growth effect, Stekol and 
Weiss, 1049 
Partition, urine, estrogen administra- 
tion effect, Starnes and Teague, 43 
Radioactive, cystine preparation, use, 
Wood and Van Middlesworth, 529 


T 


Tetrahymena geleii: Growth, Rockland 
and Dunn, 511 
Thienylalanine: 8-2-, phenylalanine-low 
diet, effect, Ferger and du Vigneaud, 


61 

Thorax: Aorta, respiration, Briggs, 
Chernick, and Chaikoff, 103 
Thyroid: Action, deuterium in study, | 
Karp and Sletten, 819 
Thyroxine: Antagonists, Frieden and 
Winaler, 423 


Tissue(s): Extracts, hyaluronidase, ef- 
fect, Watienberg and Glick, 1213 


Sobel, Hanok, Kirshner, and Fan- 
kuchen, 205 
Tricarboxylic acid: Cycle, intermedi- 
ates, oxidation, liver mitochondria, 
Kennedy and Lehninger, 957 
Trypanosoma hippicum: Carbohydrate 
metabolism, Harvey, 435 
Trypsin: Amidase, kinetics, Schwert and 
Eisenberg, 665 
Chymo-. See Chymotrypsin 
Esterase activity, diisopropyl fluoro- 
phosphate effect, Jansen, Nutting, 


Jang, and Balls, 189 
—, kinetics, Schwert and Lisenberg, 
665 


Inhibitor, Lima beans, isolation, Tau- 
ber, Kershaw, and Wright, 1155 
Proteinase activity, diisopropy! fluoro- 
phosphate effect, Jansen, Nutting, 


Jang, and Balls, 189 
Trypsinogen: Chymo-. See Chymo- 
trypsinogen — 
Dinitropheny/, peptides, isolation, en- 
zyme digests, Woolley, 593 
Tryptophan: bL-, resolution, papain use, 
Hanson and Srith, 815 


Kynurenic acid conversion from, in 
vivo, Heidelberger, Guillberg, Mor- 
gan, and Lepkovsky, 143 

Kynurenine conversion from, in vivo, 
Heidelberger, Gullberg, Morgan, and 


Lepkovsky, 143 
Metabolism, Heidelberger, Gullberg, 
Morgan, and Lepkovsky, 143 
Heidelberger, Abraham, and Lep- 
kovsky, 151 


Nicotinic acid conversion from, im 
vivo, Heidelberger, Gullberg, M organ, 
and Lepkovsky, 143 

Heidelberger, Abraham, and Lep- 
kovsky, 151 
Tryptophan-f-C™; pi-, synthesis, Mei- 
delberger, 139 


Tryptophan-3-C': p1-, synthesis, He! 
delberger, 136 








SUBJECTS 


Tumor: Adrenal cortex, dehydroisoan- 
drosterone metabolism effect, Mason, 
Kepler, and Schneider, 615 

See also Sarcoma 

Tyrosine: Oxidation, liver, pteroyl- 
glutamic acid réle, Rodney, Swend- 
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